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Irradiation  of  trabecular  bone  regions  is  an  important  area  within  internal 
dosimetry  considering  the  role  these  bone  sites  play  in  both  the  skeletal  and 
hematopoietic  systems.  Since  bone  marrow  is  located  within  trabecular  bone  regions, 
radiation  incident  upon  bone  is  likely  to  also  cause  damage  to  the  marrow.  Radionuclides 
that  localize  in  bone,  especially  charged-particle  emitters,  have  the  potential  to  cause 
damage  to  both  endosteal  tissues  and  bone  marrow. 

Current  radiation  dosimetry  models  use  chord  length  distributions  obtained  at  the 
University  of  Leeds  by  F.W.  Spiers  over  thirty  years  ago.  To  investigate  these  models 
and  the  validity  of  the  assumptions  made  while  measuring  the  chord  lengths,  a  new 
approach  was  developed  at  the  University  of  Florida  that  directly  couples  3D  NMR 
images  to  the  EGS4-PRESTA  radiation  transport  code. 
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The  current  work  investigates  the  impact  of  age,  gender,  and  marrow  cellularity 
on  dose  estimates  by  comparing  data  obtained  from  3D  NMR  images  of  the  femoral  and 
humeral  heads  of  three  cadavers.  These  3D  segmented  NMR  images  were  directly 
coupled  to  the  EGS4-PRESTA  transport  code.  Absorbed  fractions  were  calculated  from 
both  the  infinite  trabecular  region  transport  model  and  from  the  macro  structural  transport 
model.  A  comparison  of  absorbed  fractions  calculated  from  the  femoral  and  humeral 
heads  showed  that  the  hypothesis  of  equivalent  microstructure  for  these  two  bone  sites  is 
incorrect.  In  fact,  absorbed  fractions  calculated  from  the  two  different  bone  sites  vary  by 
as  much  as  30%.  Furthermore,  a  comparison  of  absorbed  fractions  calculated  using  the 
two  different  transport  models  showed  an  overestimation  by  the  infinite  trabecular  region 
model  of  20%  for  marrow  space  targets  at  4  MeV. 

To  allow  direct  transport  within  trabecular  active  marrow,  adipocytes  were 
introduced  into  3D  NMR  images.  A  comparison  to  previous  methods  of  calculating 
absorbed  fractions  for  trabecular  active  marrow  irradiating  trabecular  active  marrow 
showed  that  the  method  of  Eckerman  and  Stabin  underestimates  absorbed  fractions  to  the 
trabecular  active  marrow  at  low  energies  (below  200  keV)  by  as  much  as  75%.  In 
addition,  the  method  of  Bouchet  et  al.  overestimates  these  same  absorbed  fractions  by 
nearly  85%  at  high  electron  energies  (4  MeV). 
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CHAPTER  1 
INTRODUCTION 


Irradiation  of  trabecular  bone  regions  is  an  important  area  within  internal 
dosimetry  considering  the  role  these  bone  sites  play  in  both  the  skeletal  and 
hematopoietic  systems.  Since  bone  marrow  is  located  within  trabecular  bone  regions, 
radiation  incident  upon  bone  is  likely  to  also  cause  damage  to  the  marrow.  Radionuclides 
that  localize  in  bone,  especially  charged-particle  emitters,  have  the  potential  to  cause 
damage  to  both  endosteal  tissues  and  bone  marrow. 

There  are  several  situations  that  may  result  in  internal  irradiation  of  trabecular 
bone  regions.  These  include  occupational  exposures  to  bone-seeking  radionuclides, 
therapy  procedures  that  utilize  injected  radiopharmaceuticals,  which  transit  through  the 
skeletal  system,  and  therapeutic  procedures  for  the  palliation  of  bone  pain  associated  with 
bone  cancers.  The  amount  of  energy  deposited  in  healthy  marrow  from  therapeutic 
radiopharmaceuticals  often  limits  the  amount  of  activity  prescribed  in  these  procedures. 

Occupational  exposures  to  bone-seeking  radionuclides  will  be  a  challenge  to 
internal  dosimetry  programs  within  the  U.S.  Department  of  Energy  (DOE)  as  part  of  its 
clean-up  and  waste  management  programs.  Currently,  there  are  numerous  sites  that  need 
to  be  safely  decontaminated  or  decommissioned.  The  potential  for  inhalation  or  ingestion 
of  bone-seeking  radionuclides  by  either  the  clean-up  workers  or  by  off-site  populations 
exists  for  several  of  these  facilities.  Six  such  radionuclides  are  ^°Y,  ^'Y,  ^^Zr,  ^^Nb,  ^*^Sr 
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and  ^^^Ra.  Both  ^^Sr  and  ^^^Ra  have  been  studied  extensively  over  the  past  50  years  in 
regard  to  bone  dosimetry  (Hindmarsh  et  al.  1958;  Vaughan  1960;  Spiers  1966(a);  Spiers 
1966(b);  Spiers  1967;  Spiers  1968;  Spiers  1969;  Vaughan  1973;  Spiers  and  Vaughan 
1976). 

As  the  use  of  radiopharmaceuticals  as  therapy  agents  has  increased,  so  has  the 
need  for  more  accurate  trabecular  bone  dosimetry.  Radiopharmaceuticals  continuously 
emit  radiation  particles  while  traveling  through  the  blood  stream  of  the  patient.  Some  of 
this  energy  is  deposited  in  trabecular  bone  regions.  More  accurate  trabecular  bone 
dosimetric  models  will  allow  one  to  calculate  the  dose  to  both  the  bone  and  the  bone 
marrow  with  more  precision.  Improved  skeletal  dosimetry  will  allow  physicians  to  better 
understand  the  biological  effects  of  specific  therapy  procedures,  which  in  turn  will  help 
improve  nuclear  medicine  techniques  by  maximizing  the  administration  of  therapeutic 
doses  of  radiopharmaceuticals. 

Radiopharmaceuticals  are  also  used  for  bone  pain  palliation.  This  treatment  is 
accomplished  with  bone-seeking  beta-emitting  radionuclides.  Four  such  radionuclides 
considered  for  this  treatment  are  ^^P,  *'^Sr,  '^'l,  and  '^^Re  (Samaratunga  et  al.  1995). 
However,  treatment  of  bone  tumors  with  radiopharmaceuticals  causes  marrow  to  receive 
a  significant  amount  of  the  deposited  energy. 

Improved  accuracy  in  trabecular  bone  dosimetry  has  the  potential  to  improve  our 
understanding  of  the  consequences  associated  with  the  scenarios  previously  mentioned. 
Not  only  will  therapeutic  applications  of  radiation  and  radioactive  materials  benefit  from 
better  dosimetry  within  these  regions,  but  also  health  risks  associated  with  bone-seeking 
radionuclides  can  be  more  accurately  calculated. 


The  smallest  bone  spicules  and  marrow  cavities  have  widths  on  the  order  of 
100  |am.  Because  of  the  small  sizes  of  these  cavities  and  bone  spicules  located  in 
trabecular  bone  regions,  energetic  electrons  will  be  able  to  traverse  several  different 
marrow  cavities  while  continuously  depositing  energy.  Consequently,  current  methods  to 
improve  trabecular  bone  dosimetry  are  directed  at  more  accurately  measuring  the 
microstructure  of  these  skeletal  regions. 

Bone  Macroanatomy  and  Microanatomy 

Bone  consists  of  living  cells  and  nonliving  intercellular  matrix.  Bone  differs  from 
other  connective  tissues  in  that  the  intercellular  material  is  more  abundant  than  the  bone 
cells  (ICRP  1995).  The  skeleton  consists  of  two  macroscopically  different  types  of  bone: 
cortical,  or  compact,  bone  and  cancellous,  or  trabecular,  bone.  Cortical  bone  is  found  in 
the  shafts  of  long  bones  and  forms  the  outer  shell  (cortex)  of  all  skeletal  sites.  Eighty 
percent  of  the  mass  of  the  skeleton  is  composed  of  cortical  bone.  In  cortical  bone, 
concentric  cylinder-shaped  layers  of  calcified  intercellular  material,  called  lamellae, 
enclose  a  central  longitudinal  canal,  known  as  an  Haversian  canal.  Located  within  the 
Haversian  canal  is  a  blood  vessel  that  sustains  the  osteocytes.  Osteocytes,  or  bone  cells, 
are  located  between  the  layers  of  lamellae.  Tissue  fluid  can  move  from  the  Haversian 
canals  to  the  osteocytes  through  canaliculi,  which  are  microscopic-sized  canals  running  in 
the  transverse  plane.  An  Haversian  canal,  its  surrounding  lamellae,  osteocytes,  and 
canaliculi  form  an  Haversian  system.  A  diagram  of  an  Haversian  system  of  cortical  bone 
is  shown  in  Figure  1 . 
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Trabecular  bone  consists  of  bony  trabeculae  (thin  plates  or  spicules  of  bone)  with 
thicknesses  of  various  ranges.  These  trabeculae  are  interconnected  in  a  honeycomb 
pattern  to  provide  maximal  mechanical  strength.  Figure  2  shows  this  microstructure. 

Bone  marrow,  which  is  housed  in  trabecular  bone,  can  be  classified  as  either 
active  (red)  marrow  or  inactive  (yellow)  marrow.  Inactive  marrow  is  yellow  in  color 
because  it  is  primarily  composed  of  adipose  tissue.  Active  marrow,  which  is  located  in 
cavities  of  trabecular  bone,  is  the  tissue  that  promotes  hematopoiesis.  Hence,  it  is  in 
these  skeletal  regions  that  blood  cell  production  occurs. 

The  endosteum  is  a  thin  layer  of  cells  that  lines  both  marrow  cavities  and  the 
interfaces  between  Haversian  canals  and  bone  surfaces.  The  endosteum  contains  both 
bone-forming  cells  (osteoblasts)  and  bone-destroying  cells  (osteoclasts).  Due  to  the 
porous  nature  of  trabecular  bone,  the  surface  area  of  the  endosteum  in  trabecular  regions 
is  five  to  six  times  the  surface  area  of  the  endosteum  in  cortical  bone  (Vaughan  1973). 
The  periosteum  is  a  double-layer  of  cells  that  covers  the  exterior  of  cortical  bone.  This 
double  layer  is  primarily  composed  of  osteoblasts  and  fibroblasts. 

Since  osteoblasts  and  osteoclasts  are  located  on  the  endosteum  and  periosteum, 
bone  production  and  bone  resorption  occur  on  both  periosteal  and  endosteal  surfaces. 
Bone  production  occurs  where  added  bone  strength  is  needed  or  at  sites  of  injury.  The 
mechanism  that  regulates  this  process  is  the  response  of  bone  to  mechanical  stress  and 
gravity.  Bone  resorption  is  triggered  by  the  parathyroid  hormone.  When  levels  of  ionic 
calcium  in  the  blood  decline,  the  parathyroid  hormone  is  released  from  the  parathyroid 
glands,  which  are  attached  to  the  posterior  regions  of  the  thyroid  gland.  By  resorbing 


bone,  the  calcified  bone  matrix  is  broken  down  thereby  releasing  calcium  which  is  then 
released  to  the  bloodstream. 

Cortical  bone  surfaces  may  be  divided  into  two  functional  and  anatomic  types: 
periosteal  and  endosteal.  The  periosteal  surface  of  cortical  bone  is  important  in 
appositional  growth  and  fracture  repair.  It  displays  an  imbalance  between  bone  formation 
and  resorption  such  that  a  net  increase  in  bone  occurs  over  time.  The  endosteal  surface  of 
cortical  bone  has  a  higher  level  of  remodeling  activity,  likely  resulting  from  increased 
mechanical  strain  and/or  the  proximity  of  the  marrow  space  and  its  environment.  On  the 
endosteal  surfaces,  resorption  tends  to  exceed  formation,  leading  to  the  expansion  of 
marrow  spaces  within  long  bones  (Eriksen  et  al.  1994). 

Because  osteoblasts  are  more  active  than  osteoclasts  in  young  individuals,  total 
bone  mass  increases  in  humans  for  the  first  twenty  to  thirty  years  of  life.  After  age  30, 
production  and  resorption  reach  equilibrium  and  remain  in  equilibrium  for  several  years, 
thus  keeping  bone  mass  constant.  For  the  remainder  of  life,  resorption  occurs  at  faster 
rates  than  bone  production,  which  causes  a  net  loss  of  bone  mass  (Berne  and  Levy  1993). 

The  variation  of  bone  structure  with  both  gender  (Mosekilde  1989;  Aaron  et  al. 
2000;  Hoffler  et  al.  2000;  Hordon  et  al.  2000;  Link  et  al.  2000)  and  age  (Snyder  et  al. 
1993;  Blauth  et  al.  2000;  Ding  2000;  Guglielmi  et  al.  2000;  Hoffler  et  al.  2000; 
OTlaherty  2000;  Tabor  and  Rokita  2000)  has  been  thoroughly  investigated.  With  aging, 
trabecular  bone  undergoes  specific  morphological  changes,  including  thinning  of 
trabeculae  and  loss  of  trabeculae  (Snyder  et  al.  1993)  with  horizontal  trabeculae  being  lost 
at  a  greater  rate  than  vertical  trabeculae  within  the  vertebrae  (Parfitt  1983;  Parfitt  et  al. 
1983;  Mosekilde  1989).  Analyses  of  iliac  crest  bone  biopsies  have  found  that  the  spacing 


between  bone  structures  increases  with  increasing  age  to  a  greater  degree  in  females  than 
in  males.  This  increase  implies  that  bone  remodels  differently  for  aging  men  than  for 
aging  women.  It  is  also  important  to  note  that  trabeculae  are  more  readily  resorbed  than 
cortical  bone  (Atkinson  1967).  In  fact,  one  early  feature  of  osteoporosis  is  the  loss  of 
trabecular  bone  from  vertebral  and  pelvic  bones.  As  resorption  predominates,  trabeculae 
are  removed  with  a  consequent  increase  in  porosity,  and  hence  a  change  in  marrow  cavity 
sizes. 

The  length  and  width  of  individual  trabeculae  also  vary  throughout  the  skeletal 
system  (Spiers  1 969;  Beddoe  1 977).  Table  1  lists  the  mean  chord-lengths  for  trabeculae 
and  marrow  cavities  in  different  human  bones.  By  comparing  these  mean  values  for  the 
various  bones,  it  is  quite  obvious  that  trabecular  bone  microstructure  varies  with  age  and 
with  location  within  the  skeleton. 

Since  mechanical  stress  and  gravity  regulate  bone  production,  weight-bearing 
trabeculae  should  be  thicker  than  non-weight  bearing  trabeculae.  This  is  clearly  evident 
in  previous  studies  of  vertebrae  (Atkinson  1967;  Atkinson  and  Woodhead  1973; 
Mosekilde  1989;  Hahn  et  al.  1992).  The  vertical  vertebral  trabeculae,  which  support  the 
upper  body,  maintained  their  thickness  more  efficiently  over  time  than  the  horizontal 
trabeculae  of  the  same  region.  This  causes  the  trabecular  bone  microstructure  of 
vertebrae  to  be  very  anisotropic,  varying  structurally  within  a  single  bone  segment. 
Figure  3  displays  trabecular  and  marrow  chord  distributions  of  a  cervical  vertebra.  Due 
to  these  variations,  chord  length  distributions  of  trabeculae  and  marrow  cavities  are  able 
to  describe  the  3D  microstructure  of  trabecular  bone  regions  better  than  mean  values. 


The  amount  and  location  of  active  marrow  is  also  a  function  of  age.  At  birth 
nearly  all  marrow  cavities  are  filled  with  active  marrow.  Yet  in  the  adult,  active  marrow 
is  located  primarily  within  the  ribs,  the  vertebrae,  and  the  ends  of  the  long  bones  with  all 
other  trabecular  regions  filled  with  inactive  or  fatty  marrow.  Since  for  dosimetry 
purposes  inactive  marrow  is  of  little  concern  due  to  the  lack  of  hematopoietic  stem  cells, 
some  skeletal  sites  in  the  adult  are  of  little  dosimetric  importance.  However,  in  children 
these  same  sites  are  of  dosimetric  concern. 

Bone  Cells  Subject  to  Risk  from  Radiation 

Carcinogenesis  is  most  rapidly  expressed  in  cells  that  actively  proliferate  because 
the  mutation  can  be  quickly  passed  to  daughter  cells.  The  endosteal  layers  of  bone  shafts 
and  marrow  cavities,  the  periosteal  layers,  and  hematopoietic  bone  marrow  contain  such 
cells.  As  mentioned  earlier,  both  osteoblasts  and  osteoclasts  are  located  on  the 
endosteum  and  periosteum.  Since  bone  remodeling  is  constantly  occurring,  a  high 
percentage  of  the  osteoblasts  and  osteoclasts  are  active  and  thus  more  radiosensitive.  The 
osteoprogenitor  cells,  which  are  the  bone  stem  cells  that  produce  osteoblasts  and 
osteoclasts,  exist  within  the  endosteal  and  periosteal  layers.  These  stem  cells  ftirther 
increase  the  radiosensitivity  of  these  layers. 

The  hematopoietic  stem  cells,  which  proliferate  and  differentiate  into  the  different 
blood  cell  lines,  are  located  within  active  marrow.  Consequently,  sufficient  irradiation  of 
this  area  of  the  skeleton  will  increase  the  risk  of  carcinogenic  changes,  such  as  leukemia. 
In  addition,  any  damage  to  active  marrow  may  decrease  the  rate  of  production  of  both  red 
and  white  blood  cells.  Erythrocytes  are  responsible  for  supplying  the  rest  of  the  body 
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with  oxygen.  Lymphocytes  play  a  major  role  in  the  body's  immune  system.  Bone-seeking 
radionuclides  that  decay  by  emitting  energetic  charged  particles  are  likely  to  cause  the 
greatest  damage  to  the  bone  marrow  (ICRP  1 995). 

Past  Dosimetric  Methods  of  Trabecular  Bone 

Practically  all  current  bone  dosimetry  models  are  based  to  some  degree  on  the  data 
collected  by  F.W.  Spiers  and  his  colleagues  at  the  University  of  Leeds  in  England  during 
the  1950s  to  late  1970s.  Spiers  first  investigated  the  effects  of  a  bone  surface  interface  on 
the  dose  to  the  adjacent  soft  tissue  (Spiers  1951).  He  calculated  that  the  presence  of  a 
bone  interface  increased  the  dose  to  the  surrounding  soft  tissue  by  as  much  as  a  factor  of 
four.  In  1963,  Spiers  began  investigating  how  active  marrow  is  distributed  throughout  the 
human  body  and  the  impact  this  had  on  trabecular  bone  dosimetry  (Spiers  1963).  Active 
marrow  distributions  were  derived  from  the  work  of  Mechanik  and  Custer  (Mechanik 
1926;  Custer  and  Ahlfeldt  1932)  as  summarized  by  Ellis  (1961). 

Spiers  also  realized  that  the  nature  of  bone  trabeculae  and  the  marrow  spaces 
between  them  is  such  that  any  assumptions  of  a  regular  geometry  were  unrealistic  (Spiers 
1969).  Consequently  he  developed  the  concept  of  linear  path  length  distributions  to 
describe  the  physical  dimensions  of  these  regions.  By  knowing  the  complete  frequency 
distribution  of  marrow  path  lengths  and  trabeculae  path  lengths,  the  fraction  of  a 
particle's  kinetic  energy  deposited  in  each  type  of  tissue  could  be  calculated.  Dose 
calculations  were  obtained  by  coupling  the  frequency  distributions  to  a  one-dimensional 
transport  model  that  used  these  distributions  in  following  electrons  through  trabecular 
bone. 


Early  linear  path  lengths  were  measured  by  placing  a  rectangular  grid  over  a 
photograph  and  counting  the  number  of  grids  with  the  aid  of  a  microscope  (Spiers  1967). 
P.J.  Darley,  a  student  of  Spiers,  automated  this  process.  He  developed  a  photoelectric 
object-plane  scanner  to  view  contact  radiographs  of  trabecular  bone  sections  (Beddoe  et 
al.  1976).  This  process  required  post-mortem  trabecular  bone  regions  be  physically 
sectioned  into  thin  slices  of  30  |j,m  thickness.  Contact  radiographs  of  these  slices  were 
acquired  and  mounted  on  a  turntable  that  rotated  below  a  light  microscope.  As  the 
turntable  rotated,  the  radiograph  was  moved  radially,  creating  a  series  of  scan  lines  of 
small  arcs,  8-20  jam  apart  (Spiers  1969;  Beddoe  1976;  Beddoe  et  al.  1976).  A 
photomultiplier  tube,  which  received  the  light  beam  through  the  microscope,  was 
mounted  beneath  the  turntable.  As  a  marrow  space  passed  under  the  microscope,  the 
photomultiplier  tube  would  register  a  light  pulse.  The  duration  of  the  pulse  effectively 
measured  the  path  length  of  the  marrow  cavity.  Conversely,  the  duration  of  a  null  signal 
measured  the  pathlength  across  the  trabeculae. 

For  a  highly  anisotropic  structure  such  as  trabecular  bone,  distributions  from 
different  sectioning  planes  must  be  combined  to  obtain  an  adequate  approximation  of  the 
omnidirectional  distribution  for  the  whole  bone  site  (Beddoe  et  al.  1976).  This  approach 
requires  the  use  of  various  symmetry  assumptions.  Weighting  factors  proportional  to  the 
volume  of  each  slice  must  be  applied  to  each  scan  in  order  to  combine  individual  scans 
into  a  truly  omnidirectional  distribution.  Spiers  and  colleagues  obtained  chord  length 
distributions  for  a  small  number  of  skeletal  sites  (5-7)  from  three  males  of  ages  1.7,  9, 
and  44  years  (Beddoe  et  al.  1976).  Currently,  almost  all  trabecular  bone  dosimetry 
calculations  are  still  based  on  the  data  obtained  from  these  limited  number  of  samples. 
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Different  methods  were  developed  that  utilized  chord  distributions  for  trabecular 
dosimetry.  However,  to  use  chord  distributions  for  dosimetry  calculations  several 
assumptions  must  be  made.  First,  beta  particles  are  assumed  to  travel  in  approximately 
straight  paths  through  a  given  media  (bone  or  marrow).  Any  attempt  to  use  the  chord 
distributions  to  create  a  geometry  that  allows  a  beta  particle  to  travel  a  distance  not  equal 
to  the  sampled  chord  length  distribution  incorrectly  uses  these  distributions.  Second,  the 
chord  length  distributions  are  assumed  to  be  a  true  representation  of  an  average  person's 
trabecular  structure.  Third,  chord  length  distributions  are  assumed  to  be  independent  of 
each  other.  A  chord-length-based  Monte  Carlo  radiation  dosimetry  model  randomly  and 
alternately  samples  from  both  the  bone  and  marrow  distributions  without  considering  a 
dependence  one  distribution  may  have  on  the  other. 

The  Spiers  group  was  the  first  to  consider  random  sampling  from  the  chord  length 
distributions  using  Monte  Carlo  techniques  (Whitwell  1973;  Whitwell  and  Spiers  1976; 
Spiers  et  al.  1978(a);  Spiers  et  al.  1978(b)).  Experimentally  measured  chord  length 
distributions  were  coupled  with  range-energy  relationships  to  calculate  dose  conversion 
factors  for  seven  radionuclides.  Only  volume-seeking  and  surface-seeking  radionuclides 
were  considered  with  the  marrow  and  endosteum  being  target  regions.  These  dose 
conversion  factors  were  used  to  determine  the  absorbed  fraction  values  published  in  ICRP 
Publication  30  (ICRP  1978). 

H.T.  Chen  and  J.W.  Poston  used  the  Leeds'  geometry  data  to  develop  a  model  of 
spherical  marrow  cavities  surrounded  by  a  shell  of  trabecular  bone  creating  a  3D  model 
that  reproduced  the  measured  chord  length  distributions  (Chen  and  Poston  1982). 
Computer  simulations  allowed  the  transport  of  electrons  through  these  cavities. 
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However,  this  model  allowed  beta  particles  to  travel  distances  that  were  not  equal  to  the 
chord  length  used  to  create  the  geometry.  Also,  bremsstrahlung  radiation  was  not 
considered,  and  particles  were  allowed  to  traverse  consecutive  regions  of  the  same 
material. 

K.F.  Eckerman  used  Spiers  data  to  calculate  the  dose  to  marrow  cavities  and  the 
endosteal  layer  for  monoenergetic  electrons  emitted  uniformly  and  isotropically  within 
trabeculae  and  marrow  cavities  (Eckerman  1985(a);  Eckerman  et  al.  1985(b);  Eckerman 
and  Stabin  2000).  He  noted  that  the  range  of  electrons  in  marrow  to  that  in  bone  is  nearly 
constant  for  energies  up  to  4  MeV.  This  allowed  reduction  of  the  two  media  to  a  single 
homogeneous  medium  by  extending  the  length  of  the  sampled  trabeculae  chord  lengths 
by  this  ratio.  Monte  Carlo  techniques  were  then  applied  to  this  single  medium. 

The  most  recent  model  was  developed  by  Bouchet  et  al.  at  the  University  of 
Florida  (Bouchet  et  al.  1999;  Bouchet  et  al.  2000).  Even  though  this  model  assumes  that 
electrons  do  not  deviate  far  from  a  straight-line  path  similar  to  other  models,  it  improves 
previous  models,  because  it  is  a  3D  model  that  accounts  for  delta  rays  and  bremsstrahlung 
radiation  and  is  able  to  consider  electron  backscatter  at  bone-marrow  interfaces. 

A  few  recent  studies  in  trabecular  bone  dosimetry  have  not  used  Spiers'  data.  A 
group  at  the  University  of  Cincinnati  used  Monte  Carlo  techniques  to  simulate  electron 
dose  to  skeletal  metastases  for  patient  specific  chord  lengths  (Samaratunga  et  al.  1995). 
They  measured  bone  and  soft  tissue  path  lengths  from  autoradiographs  of  bone  biopsies 
taken  from  patients  with  skeletal  metastases.  Also,  a  group  working  under  W.E.  Bolch  at 
the  University  of  Florida  has  obtained  marrow  and  trabeculae  chord  length  distributions 
from  post-mortem  samples  and  surgically  removed  samples  using  nuclear  magnetic 
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resonance  imaging  (Jokisch  and  Bolch  1996;  Jokisch  1997;  Jokisch  et  al.  1997;  Patton  et 
al.  1997;  Bolch  et  al.  1998;  Jokisch  et  al.  1998(a);  Jokisch  et  al.  1998(b);  Patton  1998; 
Patton  et  al.  1998;  Jokisch  et  al.  1999;  Patton  et  al.  1999).  By  coupling  measured 
distributions  to  the  computer  transport  program.  Electron  Gamma  Shower  Version  4 
(EGS4),  the  amount  of  energy  deposited  to  the  marrow  cavities  and  trabeculae  can  be 
calculated. 

Further  work  at  the  University  of  Florida  suggests  that  chord  length  measurements 
of  voxelized  images  are  both  difficult  to  calculate  and  are  highly  dependent  on  the 
methods  used  to  remove  voxel  effects  (Jokisch  1999;  Rajon  et  al.  2000).  Consequently, 
the  UF  research  group,  under  the  direction  of  W.E.  Bolch,  has  taken  the  approach  of 
directly  coupling  three-dimensional  Nuclear  Magnetic  Resonance  (NMR)  images  to  the 
EGS4-PRESTA  transport  code  (Jokisch  et  al.  1998(b);  Jokisch  1999;  Jokisch  et  al.  1999). 
This  approach  allows  for  radiation  transport  in  a  "real"  geometry,  thus  serving  as  a 
benchmark  set  of  calculations  for  all  existing  trabecular  dosimetry  models. 

This  current  research  study  has  several  goals.  The  first  goal  is  to  verify  the 
precision  of  dosimetric  data  calculated  from  3D  images  acquired  from  NMR  microscopy. 
A  study  was  conducted  (1)  to  reproduce  the  absorbed  fraction  calculations  and  chord 
length  measurements  from  five  different  imaging  sessions  of  the  same  trabecular  bone 
sample,  (2)  to  compare  imaging  and  sample  preparation  methods  (samples  with  and 
without  intact  marrow),  and  (3)  to  compare  images  acquired  via  NMR  microscopy  and 
optical  microscopy.  The  latter  study  is  solely  based  on  comparisons  of  chord  length 
measurements,  whereas  the  two  former  studies  compare  both  chord  length  measurements 
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as  well  as  energy-dependent  absorbed  fraction  profiles.  Chapter  2  explains  in  detail  the 
methods  used  to  verify  our  current  imaging  methodology 

The  next  goal  of  this  work  is  to  investigate  dosimetry  variations  with  age,  gender, 
and  specific  bone  site.  Chapter  3  presents  the  results  of  absorbed  fraction  comparisons 
calculated  from  images  of  bone  cubes  sectioned  from  the  femoral  and  humeral  head 
samples  of  three  separate  individuals.  Two  bone  cubes  were  sectioned  from  each  of  the 
femoral  head  samples,  whereas  only  one  bone  cube  was  sectioned  from  each  of  the 
humeral  head  samples. 

The  final  goal  of  this  dissertation  is  to  compare  the  current  method  of  explicitly 
considering  variations  in  marrow  cellularity  within  these  3D  models  to  the  previous 
attempts  of  considering  marrow  cellularity  within  chord-length  based  skeletal  dosimetry 
models.  Variations  of  absorbed  fractions  as  a  function  of  particle  energy  and  marrow 
cellularity  are  viewed  in  comparison  to  two  previous  chord-length  based  models.  The 
methodology  and  results  of  this  study  are  presented  in  Chapter  4. 
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Table  1 .  Mean  chord-lengths  for  trabeculae  and  marrow  cavities  for  different 
human  bones. 


Bones 

Mean  Path  Lengths  (^m) 

Marrow  Cavities 

Trabeculae 

44-year-old  male 

Parietal 

389 

514 

Rib 

1  /  yjKj 

Iliac  Crest 

907 

232 

Cervical  Vertebra 

914 

271 

Lumbar  Vertebra 

1237 

244 

Femur  Head 

1156 

220 

Femur  Neck 

1656 

320 

9-year-old  child 

Parietal 

306 

539 

Rib 

1123 

231 

Iliac  Crest 

744 

180 

Cervical  Vertebra 

906 

162 

Lumbar  Vertebra 

857 

168 

Femur  Head  &  Neck 

616 

249 

20-month-old  child 

Parietal 

255 

566 

Rib 

559 

191 

Iliac  Crest 

575 

181 

Lumbar  Vertebra 

736 

188 

Femur 

789 

197 

(Beddoe  1976;  Whitwell  and  Spiers  1976;  Eckerman  et  al.  1985(b)) 
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Figure  1 .  A  diagram  of  a  cortical  bone  segment  illustrating  the  microstructure  of  bone 
(adapted  from  Tortora  1992). 
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Figure  2.  Diagram  of  trabeculae  and  adjoining  bone  microstructure  (adapted  from 
Tortora  1992). 
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Figure  3.  Trabecular  and  marrow  chord  distributions  within  the  cervical  vertebrae  of  a 
44-year-old  male  (Beddoe  et  al.  1976). 


CHAPTER  2 

CHORD-LENGTH  DISTRIBUTIONS  AND  DOSIMETRY  IN  TRABECULAR  BONE: 
A  COMPARISON  BETWEEN  NMR  AND  OPTICAL  MICROSCOPY 

Introduction 

During  the  last  twenty  years,  several  research  groups  have  used  high-resolution 
NMR  microscopy  to  investigate  trabecular  bone  microarchitecture  both  in  vitro  (Chung  et 
al.  1993;  Wu  et  al.  1994;  Chung  et  al.  1995(a);  Chung  et  al.  1995(b);  Majumdar  and 
Genant  1995;  Majumdar  et  al.  1995;  Jokisch  and  Bolch  1996;  Hwang  et  al.  1997;  Jokisch 
1997;  Jokisch  et  al.  1997;  Jokisch  et  al.  1998(a);  Jokisch  et  al.  1998(b);  Patton  1998; 
Jokisch  1999;  Jokisch  et  al.  1999;  Takahashi  et  al.  1999)  and  in  vivo  (Sebag  and  Moore 
1990;  Wong  et  al.  1991;  Foo  et  al.  1992;  Jara  et  al.  1993;  Chung  et  al.  1994;  Grampp  et 
al.  1996;  Guglielmi  et  al.  1996;  Majumdar  et  al.  1996;  Gordon  et  al.  1997;  Majumdar  et 
al.  1997;  Ouyang  et  al.  1997;  Song  et  al.  1997;  Wehrli  et  al.  1998).  NMR  microscopy  is 
ideally  suited  for  measuring  trabecular  bone  microstructure  since  bone  marrow  is 
primarily  composed  of  water  and  lipids,  thus  providing  an  abundant  source  of  hydrogen 
atoms  necessary  to  produce  a  magnetic  resonance  (MR)  signal,  whereas  the  hydrogen 
atoms  located  in  the  bone  mineral  are  neither  abundant  nor  in  the  chemical  form 
necessary  to  produce  a  MR  signal.  The  main  focus  of  this  work  uses  NMR  microscopy 
to  enhance  the  trabecular  bone  microstructure  data  available  for  dosimetric  calculations. 
Absorbed  fractions  are  calculated  from  images  obtained  through  NMR  microscopy  and 
image  processing. 
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This  chapter  investigates  the  dependency  of  these  absorbed  fraction  calculations 
on  the  methodology  used  to  obtain  them.  This  is  accomplished  in  three  studies.  First,  a 
measure  is  made  on  the  reproducibility  of  the  absorbed  fraction  calculations  through 
segmented  NMR  acquisition  of  the  same  sample.  Second,  two  different  in  vitro  NMR 
imaging  methods  are  compared.  In  the  first  method.  NMR  images  are  obtained  from 
samples  with  intact  bone  marrow  serving  as  the  source  of  the  MR  signal.  This  method 
requires  very  little  sample  preparation  and  more  closely  resembles  in  vivo  imaging 
techniques.  The  second  method  images  samples  in  which  the  bone  marrow  has  been 
digested  and  the  marrow  cavities  have  been  filled  with  Gd-doped  water.  In  this  method, 
the  marrow  tissues  are  completely  removed,  and  the  cavity  spaces  are  filled  with  doped 
water. 

By  removing  the  marrow  and  filling  the  cavities  with  Gd-doped  water,  the  time 
needed  to  acquire  an  image  is  reduced  significantly  over  images  of  similar  quality 
obtained  using  intact  marrow  as  the  MR  source.  However,  very  little  research  has  been 
performed  on  the  effects  the  marrow  removal  process  has  on  the  trabecular 
microarchitecture.  This  chapter  uses  absorbed  fraction  calculations  and  chord  length 
measurements  obtained  from  intact  marrow  and  Gd-doped  water  NMR  images  of  three 
samples  to  determine  if  the  marrow  removal  process  alters  the  trabecular  bone 
microstructure  of  the  samples.  Finally,  a  comparison  between  chord  lengths  obtained 
from  NMR  microscopy  images  and  optical  microscopy  images  is  made  in  an  attempt  to 
determine  the  accuracy  at  which  NMR  microscopy  quantifies  trabecular 
microarchitecture. 
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Materials  and  Methods 

Bone  Site  Harvesting 

Three  adult  cadavers,  a  5 1  -year-old  male,  an  82-year-old  female,  and  an  86-year- 
old  female,  were  purchased  from  the  State  of  Florida  Anatomical  Board.  The  male  was 
191  cm  and  113  kg.  The  cause  of  death  was  a  large  cardiovascular  accident,  which 
included  edema  and  cardiomyopathy.  No  change  in  trabecular  microstructure  is  expected 
from  this  cause  of  death.  Forty-four  bone  samples  were  retrieved  from  the  male  cadaver. 
These  samples  will  be  used  to  develop  a  complete  bone  site  database  for  an  adult  male 
representative  of  Reference  Man  (ICRP  1975).  The  82-year-old  female  was  170  cm  and 
79  kg.  The  cause  of  death  was  hypertension  due  to  arteriosclerotic  cardiovascular 
disease.  Again,  since  the  death  was  sudden  and  the  disease  was  not  related  to  the  skeletal 
system,  the  trabecular  microstructure  should  be  considered  representative  of  that  age  and 
gender.  The  86-year-old  female  was  163  cm  and  41  kg.  The  cause  of  death  was 
cardiopulmonary  arrest  and  malnutrition.  Since  this  individual  suffered  from 
malnutrition,  some  trabecular  microstructural  changes  may  be  evident.  Forty-four 
samples  were  harvested  from  both  the  82-year-old  and  the  86-year-old  females,  in  order 
to  demonstrate  changes  in  trabecular  microstructure  due  to  age,  gender,  and  physical 
state.  Table  2  lists  the  samples  harvested  from  each  bone  site  of  the  three  cadavers. 
After  removal,  the  samples  were  stored  frozen  at  -17°  C  until  imaged. 

In  addition  to  post-mortem  cadaver  samples,  this  work  additionally  used  femoral 
head  samples  removed  from  patients  undergoing  total  hip  arthoplasty.  The  primary 
application  of  these  samples  was  to  perfect  the  imaging  protocol  that  was  later  used  to 
image  the  cadaver  samples.  In  particular,  one  bone  cube  physically  sectioned  from  the 
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right  femoral  head  of  a  71 -year-old  male,  who  is  179  cm  and  111  kg,  was  used  in  the 
optical  study  in  addition  to  two  bone  cubes  obtained  from  the  cadaver  sources.  This 
individual  suffered  from  degenerative  joint  disease;  thus  the  absorbed  fraction  data 
obtained  from  this  sample  could  not  be  used  to  represent  absorbed  fraction  values  of  a 
normal  71 -year-old  male. 

Computed  Tomography  (CT)  Scanning  and  Bone  Cube  Sectioning 

In  addition  to  identifying  the  best  location  to  physically  section  bone  cubes  from 
samples,  CT  images  allow  one  to  determine  the  thickness  of  the  cortical  shell  of  the 
samples.  The  cortical  thickness  is  extremely  important  in  the  macroscopic  bone  site 
transport  model  of  previous  work  (Jokisch  1999)  and  in  later  chapters  of  this  work.  The 
right  femoral  head  sample  from  each  cadaver  was  taken  to  Shands  Hospital  for  imaging 
on  a  General  Electric  LightSpeed  QX/i  Computed  Tomography  scanner  operating  at 
120  kV  and  120  mA.  Continuous  two-dimensional  slices  with  an  in-plane  spatial 
resolution  of  240  )am  x  240  |im  and  a  slice  thickness  of  1 .25  mm  were  obtained  for  each 
of  the  femoral  head  samples  obtained  from  the  cadavers.  The  femoral  head  obtained 
from  the  patient  undergoing  total  hip  arthoplasty  was  not  imaged  on  the  CT  scanner, 
since  the  trabecular  region  was  exposed  and  easily  identified  before  sectioning. 

For  each  sample,  various  sample  preparation  techniques  were  performed 
according  to  the  given  use  of  the  sample.  However,  no  matter  the  imaging  procedure, 
each  sample  was  physically  sectioned  at  the  State  of  Florida  Anatomical  Board  located 
on  the  University  of  Florida  campus.  Complete  details  of  bone  site  harvesting  and  bone 
cube  preparation  are  given  in  Appendix  A. 
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Marrow  Digestion 

For  NMR  imaging  experiments  that  use  intact  marrow  as  the  source  of  the  MR 
signal,  no  sample  preparation  other  than  physical  sectioning  is  needed.  However,  to 
image  marrow  cavities  filled  with  Gd-doped  water,  the  marrow  is  completely  removed, 
and  the  cavities  are  filled  with  Gd-doped  water.  To  accomplish  this  task,  the  samples  are 
immersed  and  suspended  in  a  5.25%  sodium  hypochlorite  solution  for  2-4  hours.  The 
samples  are  then  rinsed  in  hot  water  and  reimmersed  in  a  new  solution  of  5.25%  sodium 
hypochlorite.  To  help  circulate  the  solution  through  the  marrow  cavities,  a  stir  bar  is 
placed  in  the  solution,  and  the  beaker  is  placed  on  a  magnetic  stirrer.  This  process  is 
repeated  up  to  four  times  depending  on  the  size  of  the  sample.  Visual  inspection  is  used 
to  determine  the  number  of  repetitions  needed. 

To  ensure  that  water  completely  fills  all  the  marrow  cavities,  each  sample  is 
placed  in  a  container  filled  with  Gd-doped  water  under  vacuum.  The  container  is  tapped 
lightly  to  help  shake  free  any  air  bubbles  that  remain  in  the  sample.  The  vacuum  is 
removed  and  while  still  immersed  in  the  water,  the  sample  is  rotated  such  that  a  different 
side  of  the  cubed  sample  is  facing  up.  The  vacuum  is  reapplied  and  again  the  container  is 
tapped  lightly.  These  steps  are  repeated  until  all  sides  are  exposed  to  the  top  of  the 
container.  Finally,  while  still  immersed,  the  sample  is  placed  in  a  smaller  container  full 
of  Gd-doped  water.  This  container  is  sealed  and  taken  to  the  Advanced  Magnetic 
Resonance  Imaging  and  Spectroscopy  (AMRIS)  Facility  of  the  University  of  Florida 
Brain  Institute  for  NMR  microscopy.  Appendix  B  completely  describes  the  steps  used  to 
digest  the  marrow  and  the  procedure  used  to  introduce  water  into  the  marrow  cavities. 
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NMR  Microscopy 

A  Bruker  20-cm  wide  bore  Avance  Imaging  Spectrometer,  operating  at  a 
200  MHz  proton  resonance  (4.7  T  magnetic  field  strength)  was  used  to  obtain  all  NMR 
images  in  this  work.  This  system  is  fitted  with  a  microimaging  accessory,  consisting  of 
3 -axes  magnetic  field  gradients,  with  22  Gauss/cm  maximum  gradient  amplitude  in  all 
three  orthogonal  directions.  A  35-mm  diameter  quadrature  birdcage  coil  of  length  45  mm 
was  used  in  order  to  obtain  the  best  signal  to  noise  ratio  (SNR).  For  all  imaging  sessions, 
a  conventional  3D  spin-echo  pulse  sequence  was  used  to  obtain  fully  three-dimensional 
images  of  the  samples.  The  parameters,  repetition  time  (TR),  echo  time  (TE),  receiver 
gain,  field  of  view  (FOV),  matrix  dimensions,  and  number  of  averages,  varied  depending 
on  the  experiment  and  will  be  discussed  in  more  detail  later.  A  step-by-step  guide  to 
imaging  trabecular  bone  cubes  with  and  without  Gd-doped  water  is  presented  in 
Appendix  C. 

Optical  Microscopy 

To  produce  2D  optical  microscopy  images,  physically  secfioned,  marrow-digested 
bone  cubes  were  taken  to  the  Division  of  Research  in  the  Department  of  Orthopaedics 
and  Rehabilitation  at  Shands  Hospital.  The  cubes  were  placed  in  a  70%  alcohol  solution 
followed  by  an  80%  alcohol  solution,  a  95%  alcohol  solution,  and  a  100%  alcohol 
solution.  The  bone  cubes  remained  in  each  alcohol  solution  for  24  hours.  After  24  hours 
in  the  100%  alcohol  solution,  the  samples  were  placed  in  xylene  for  an  additional  24 
hours.  Finally,  the  samples  were  embedded  in  a  solution  of  methyl  methacrylate,  dibutyl 
phthalate,  and  Benzoyl  peroxide.  The  embedded  samples  were  placed  in  a  42°  C  oven 
for  3-6  days  depending  on  the  rate  of  polymerzation.   After  polymerization  occurred. 
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slices  were  physically  cut  along  the  longest  plane  using  standard  sectioning  procedures. 
The  slices  were  then  filed  down  to  a  thickness  of  9  [im.  Optical  microscopy  images  with 
in-plane  resolutions  of  2  x  2  ^m^,  4x4  fim^,  and  8x8  fim^  were  produced  from  each 
slice.  A  more  detailed  description  of  the  method  used  to  produce  optical  microscopy 
images  is  given  in  Appendix  D. 

Image  Processing  Techniques 

An  image  is  represented  digitally  as  a  series  of  discrete  elements.  These  picture 
elements,  or  pixels,  are  small  2D  divisions  of  the  picture.  Similarly,  volume  elements,  or 
voxels,  are  3D  divisions  of  the  volume.  Voxels  may  have  assigned  to  them  a  numerical 
value  related  to  the  signal  intensity  at  a  given  location  in  the  overall  image.  A  gray  level 
is  simply  an  integer  that  corresponds  to  the  brightness  of  the  voxel.  The  images  obtained 
at  the  University  of  Florida  have  256  gray  levels  with  a  gray  level  value  of  0 
corresponding  to  black,  and  a  value  of  255  corresponding  to  white. 

Four  image-processing  steps  are  required  prior  to  using  the  NMR  image  for 
subsequent  dosimetric  calculations.    These  steps  include  (1)  visual  inspection  of  the 
image,  (2)  determination  of  optimal  image  threshold  value,  (3)  image  segmentation,  and 
(4)  image  filtering. 
Visual  Inspection  of  the  Image 

The  first  step  is  visual  inspection  of  2D  slices.  For  each  orthogonal  plane,  2D 
slices  are  extracted  from  the  NMR  image  by  a  user-written  C-program.  Slices  are 
visually  inspected  to  evaluate  the  NMR  image  and  to  determine  the  region  of  interest  for 
subsequent  electron  transport.  This  step  determines  what  problems,  if  any,  may  have 
occurred  during  image  acquisition.    Three  typical  problems  associated  with  NMR 
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imaging  trabecular  microstructure  include  (1)  inadequate  digestion  of  the  marrow  within 
the  sample,  (2)  introduction  of  air  bubbles  into  the  sample,  and  (3)  improper  placing  of 
the  sample  in  the  quadrature  coil  such  that  the  sample  extends  past  the  homogeneous 
magnetic  field  region  generated  by  the  coil. 

Improper  marrow  digestion  results  in  an  apparent  increase  in  bone  volume  within 
the  images.  This  increase  in  bone  volume  is  mainly  due  to  the  fact  that  doped-water 
requires  a  much  shorter  TR  value  than  marrow.  Consequently,  the  voxels  that  still 
contain  undigested  marrow  give  very  little  MR  signal  compared  to  the  doped-water 
voxels,  thus  resulting  in  darker  voxels  than  would  be  present  under  full  marrow  digestion. 
Hence,  after  image  segmentation,  these  voxels  are  segmented  as  bone  voxels.  Improper 
marrow  digestion  should  occur  more  within  the  sample  than  near  the  periphery. 
Therefore,  slices  extracted  from  the  interior  of  a  sample  without  full  marrow  digestion 
will  have  a  much  different  appearance  and  a  larger  bone  volume  than  the  slices  extracted 
from  the  periphery.  Figure  4  shows  a  region  of  interest  (ROI)  within  a  2D  slice  extracted 
from  a  normal  NMR  image  and  a  ROI  within  a  2D  slice  from  a  NMR  image  with  some 
undigested  marrow  still  present  within  the  sample.  Visual  inspection  of  the  bone  cube 
before  NMR  imaging  can  verify  all  marrow  tissues  have  been  digested  from  the  outer 
portions  of  the  sample,  yet  it  cannot  confirm  that  marrow  has  been  completely  removed 
from  within  the  interior  regions  of  the  sample,  such  as  the  case  in  Figure  4. 

Air  bubbles  that  have  penetrated  the  sample  produce  no  NMR  signal. 
Consequently,  air  bubbles  appear  as  very  dark  circles  on  the  2D  NMR  slices  and  are 
subsequently  classified  as  bone  voxels  after  image  segmentation.  Since  these  bubbles 
only  appear  within  the  marrow  spaces,  voxels  that  again  should  be  classified  as  marrow 
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are  improperly  segmented  as  bone.  Figure  5  compares  a  ROI  from  a  2D  slice  extracted 
from  a  normal  NMR  image  and  a  ROI  from  a  2D  slice  extracted  from  a  NMR  image 
containing  air  bubbles.  Air  bubbles  that  have  penetrated  into  the  sample  are  represented 
as  dark  spherical  regions.  Fig  5b  shows  the  regions  due  to  air  bubbles  as  well  as  white 
regions  adjacent  to  the  air  bubbles.  The  white  regions  are  discussed  in  more  detail  later 
in  this  section. 

Improper  sample  placement  within  the  quadrature  coil  results  in  a  nonuniform 
thickening  of  the  trabeculae.  The  marrow  voxels  located  outside  the  homogenous 
magnetic  field  region  of  the  coil  produce  much  less  MR  signal  than  the  marrow  voxels 
found  interior  to  the  homogenous  magnetic  field  region.  Therefore,  marrow  voxels 
located  outside  the  homogenous  region  appear  dark  and  are  falsely  classified  as  bone 
voxels  after  image  segmentation.  Figure  6  shows  both  a  ROI  from  a  2D  slice  extracted 
from  a  normal  NMR  image  and  a  ROI  from  a  2D  slice  extracted  from  a  NMR  image  in 
which  the  sample  was  improperly  placed  in  the  quadrature  coil.  In  this  figure,  the 
marrow  voxels  located  near  the  bottom  of  the  image  are  systematically  darker  than  the 
marrow  voxels  located  near  the  top  portion  of  the  image.  The  field  gradient  thus  causes 
an  increase  in  the  frequency  of  voxels  with  gray  level  values  lower  than  those  from 
marrow  spaces,  yet  higher  than  those  corresponding  to  bone  tissue. 

Also,  visible  in  Figures  4-6  are  white  spots  near  the  air  water  interface  and  bone 
surface  interface.  In  both  cases,  these  white  spots  are  susceptibility  artifacts  attributable 
to  the  large  magnetic  susceptibility  differential  between  the  marrow  spaces  and  the  bone 
trabeculae  or  air  bubbles.  Diamagnetic  materials  when  placed  in  an  external  magnetic 
field  disperse  the  magnetic  field  lines  such  that  the  magnetic  field  inside  the  material  is 
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slightly  lower  than  the  applied  external  magnetic  field.  In  addition,  this  same  dispersion 
causes  an  increase  in  the  magnetic  field  of  regions  adjacent  to  the  material.  The  net  result 
of  these  perturbations  in  magnetic  field  is  a  local  increase  or  decrease  of  the  applied 
magnetic  field  in  signal-producing  regions  around  non-signal  producing  regions.  These 
shifts  of  the  local  magnetic  field  cause  shifts  of  the  NMR  frequency  along  the  read  axis, 
hence  voxels  can  appear  slightly  displaced  from  their  actual  position.  If  the  displaced 
position  of  the  voxel  in  the  image  corresponds  to  a  correctly  mapped  signal  voxel,  the 
MR  signals  add  to  produce  a  bright  spot. 
Image  Thresholding  and  Bone  Segmentation 

The  second  and  third  image-processing  steps  require  that  a  gray-level  intensity 
histogram  of  the  voxels  be  produced  from  a  ROI  of  each  image.  A  gray-level  histogram 
is  a  frequency  distribution  of  all  voxel  intensities  within  an  image  (Castleman  1996). 
Since  the  images  ideally  represent  only  two  media  (bone  trabeculae  and  marrow  or  Gd- 
doped  water  filling  the  marrow  spaces),  the  histogram  would  ideally  contain  only  two 
peaks:  one  peak  at  lower  intensity  representing  bone  voxels  and  one  peak  at  higher 
intensity  representing  marrow  space  voxels.  It  is  desirable  to  separate  the  marrow 
cavities  from  the  bone  trabeculae  by  assigning  a  gray-level  threshold  that  effectively 
segments  the  image  into  a  binary  image  of  only  bone  and  marrow  voxels.  The  gray-level 
histogram  is  constructed  from  a  region  of  interest  that  includes  as  much  of  the  sample  as 
possible  without  introducing  edge  artifacts 

For  two-media  samples,  doped-water  and  bone,  image  thresholding  is  performed 
automatically  by  a  user-written  code  that  incorporates  the  tissue  classification  model  of 
Chung  et  al.  (1995(a)).  In  this  model,  a  NMR  image  of  trabecular  bone  yields  a  gray- 
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level  histogram  containing  two  peaks:  one  which  obeys  a  Rayleigh  distribution  (pr)  and  is 
associated  with  signal-free  voxels,  which  includes  both  bone  and  background,  and  one 
which  obeys  a  Gaussian  distribution  (pg)  and  is  associated  with  higher-intensity  marrow- 
space  voxels.  Partial  volume  mixing,  which  is  a  result  of  a  voxel  containing  both  bone 
and  marrow,  tends  to  shift  these  two  peaks  closer  together  and  increase  the  frequency  of 
gray  level  values  less  than  the  signal  peak  but  greater  than  the  signal-free  peak.  The  total 
distribution  (ph)  is  a  Rayleigh-Gaussian  distribution,  which  is  given  as: 
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where  x  is  the  signal  intensity  or  gray  level;  Bf  and  M/  are  the  fractions  of  voxels  in  the 
image  that  are  ideally  assigned  bone  and  marrow,  respectively,  existing  under  zero  partial 
volume  intensity  mixing;  ctb  is  the  standard  deviation  of  the  Rayleigh  distribution  (which 
has  a  mean  of  zero)  describing  the  signal  intensities  of  the  bone  pixels;  and  ctm  and  //a/  are 
the  standard  deviation  and  mean,  respectively,  of  the  Gaussian  distribution  describing  the 
signal  intensities  of  the  marrow  space  voxels.  Since  the  sum  of  Bf  and  M/  must  equal 
unity,  there  are  four  unknown  parameters  {B^  cjb,  gm,  and  /va/)  that  must  be  determined. 
Nonlinear  least-squares  techniques  (SPSS-Science  2000)  are  used  to  fit  the  measured 
intensity  histogram  to  Eq.  (1),  and  thus  determine  the  four  unknown  parameters. 

The  optimal  threshold  intensity  (Topt)  for  each  voxel  image  is  the  gray-level  value 
that  will  minimize  the  error  associated  with  classifying  a  voxel  incorrectly.  The 
probability  of  erroneously  classifying  a  marrow  voxel  as  bone  is  given  as: 


Eq.  2 
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Likewise,  the  probability  of  erroneously  classifying  a  bone  pixel  as  marrow  is  given  as: 

GO 

EmarroAT)^  lPr{x)dX-  Eq.  3 

T 

Therefore,  the  overall  probability  of  error  due  to  image  segmentation  is 

E{T)=B,E„{T)+M,E„jT).  Eq.  4 

To  obtain  the  threshold  value  that  will  minimize  the  error  due  to  image  segmentation, 
Eq.  (4)  was  differentiated  with  respect  to  T  using  Leibnitz's  rule  and  set  equal  to  zero 
(Gonzalez  and  Wintz  1987).  The  optimal  threshold  (Topt)  was  obtained  by  the  iterative 
solution  of  the  resultant  expression: 
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Eq.  5 


This  optimal  threshold  was  then  applied  to  the  3D  images  in  order  to  produce  binary 
images,  with  each  image  having  its  own  unique  optimal  threshold  value. 

It  is  important  to  note  that  the  tissue  classification  model  of  Chung  et  al.  is  only 
valid  for  two-media  images.  For  marrow-intact  samples,  the  presence  of  adipose  tissue 
alters  the  signal  peak  of  the  gray-level  histogram  by  superimposing  the  Gaussian  peak 
associated  with  adipose  tissue  voxels  with  the  Gaussian  associated  with  marrow  tissue 
voxels.  Consequently,  the  tissue  classification  model  of  Chung  et  al.  was  not  used  for 
marrow-intact  samples.  Alternatively,  the  gray  level  that  corresponded  to  the  minimum 
frequency  value  between  the  bone  peak  and  the  signal  peak  within  the  gray-level 
histogram  was  chosen  as  the  optimal  threshold  value.  The  algorithms  and  user-written  C- 
programs  used  to  extract  2D  slices,  to  produce  gray  level  histograms,  and  to  determine 
the  threshold  value  are  given  in  Appendix  E.  Image  segmentation,  preformed  by  the  C- 
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program  given  in  Appendix  F,  classifies  voxels  with  a  gray  level  value  less  than  or  equal 
to  the  optimal  threshold  as  bone  and  voxels  with  a  gray  level  value  greater  than  the 
optimal  threshold  as  marrow. 
Image  Filtering 

The  final  image-processing  step  involves  elimination  of  single  and  double  voxels 
of  anomalously  high  or  low  intensity  arising  from  signal  noise  through  the  application  of 
a  weighted-median  filter  to  the  binary  image  following  image  segmentation.  This 
weighted-median  filter  reassigns  the  gray  level  of  the  voxel  being  evaluated  unless  two  or 
more  adjacent  voxels  have  the  same  gray  level  value.  Others  performing  analysis  on 
NMR  images  of  human  trabecular  bone  have  applied  median  filters  in  a  similar  manner 
(Chung  et  al.  1995(a);  Link  et  al.  1997;  Majumdar  et  al.  1997;  Jiang  et  al.  1998).  At  the 
University  of  Florida,  a  neighborhood  area  of  3  x  3  x  3  voxels  was  chosen  for  image 
filtering.  The  C-program  used  to  filter  the  3D  images  is  given  in  Appendix  G. 

Coupling  to  EGS4 

Different  regions  of  interest  (ROI)  extracted  from  filtered,  binary  NMR  images  of 
trabecular  bone  cubes  serve  as  the  input  geometry  for  subsequent  radiation  transport 
simulations  within  the  Electron  Gamma  Shower  Version  4  (EGS4)  code.  The  Parameter- 
Reduced  Electron-Step  Transport  Algorithm  (PRESTA)  was  implemented  for  all 
applications  in  this  research.  A  method  for  transporting  radiation  in  a  voxelized 
geometry  has  been  established  for  suborgan  internal  dosimetry  (Bouchet  and  Bolch  1997; 
Bouchet  1998;  Bouchet  et  al.  1998;  Bouchet  et  al.  1999;  Jokisch  1999). 

For  each  voxel  in  the  segmented  images,  one  of  two  transport  media  is  assigned: 
marrow  or  bone.  The  atomic  compositions  of  bone  and  marrow  are  taken  from  ICRU 
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Publication  46  (ICRU  1992)  with  marrow  voxels  given  the  composition  of  100%  red 
marrow,  and  bone  voxels  assigned  the  composition  of  cortical  bone. 

Three  source-target  regions  are  considered  in  the  infinite  trabecular  region 
transport  model:  the  trabecular  marrow  space  (TMS),  the  trabecular  bone  volume  (TBV), 
and  the  trabecular  endosteum  (TBE).  For  bone  and  marrow  source  regions,  10  sets  of 
1000  monoenergetic  electrons  of  initial  kinetic  energies  between  10  keV  and  4  MeV  are 
transported,  whereas  10  sets  of  2000  monoenergetic  electrons  of  initial  kinetic  energies 
between  10  keV  and  4  MeV  are  transported  for  the  endosteum  source  region.  The 
number  of  particles  is  selected  such  that  the  errors  of  the  calculated  absorbed  fractions  are 
less  than  1.0%.  Furthermore,  an  initial  study  on  the  impact  of  the  number  of  particles  on 
absorbed  fraction  calculations  has  shown  that  10  sets  of  100,000  monoenergetic  electrons 
produced  the  same  absorbed  fraction  values  with  virtually  no  decrease  in  the  associated 
error.  Energy  deposited  by  the  primary  electron,  its  secondary  particles,  and 
bremsstrahlung  photons  are  tabulated  for  each  target  voxel.  Absorbed  fractions  are 
calculated  for  each  target  voxel  and  summed  over  all  target  voxels  in  order  to  obtain  the 
total  absorbed  fraction  for  that  target  tissue.  This  process  is  repeated  for  all  source-target 
combinations  for  each  imaging  session.  The  user-written  infinite  trabecular  region  EGS4 
transport  code  that  utilizes  the  regions  of  interest  of  the  filtered,  binary  images  is  given  in 
Appendix  H. 

Since  the  range  of  high-energy  electrons  is  generally  larger  than  the  dimensions  of 
the  ROI,  a  method  for  reintroducing  the  particle  back  into  the  ROl  had  to  be  developed. 
One  method  is  to  introduce  the  particle  back  into  a  random  voxel  located  within  the  ROl 
having  the  same  medium  as  the  voxel  within  which  the  particle  was  located  when  it  left 
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the  ROI.  Of  course  the  direction  is  not  changed,  and  the  code  continues  the  transport  of 
the  particle  from  the  new  voxel  until  all  energy  is  expended.  This  is  the  method  utilized 
previously  by  D.W.  Jokisch  at  the  University  of  Florida  (Jokisch  1999;  Jokisch  et  al. 
submitted  (a);  Jokisch  et  al.  submitted  (b)).  Another  method  requires  that  copies  of  the 
ROI  be  laid  next  to  each  other  in  all  three  dimensions.  Thus  as  a  particle  leaves  the  ROI, 
it  enters  a  copy  of  the  ROI  located  next  to  it.  In  general,  this  method  assures  that  the 
particle  is  reintroduced  back  into  the  ROI  on  the  opposite  side  from  which  it  left.  Again 
the  direction  of  the  particle  is  maintained,  yet  the  medium  of  the  voxel  that  the  particle  is 
reintroduced  into  is  not  required  to  be  the  same  as  the  medium  of  the  voxel  in  which  the 
particle  left.  Since  the  microstructure  of  the  bone  region  that  was  exterior  to  the  bone 
cube  is  not  known,  there  is  no  clear  justification  for  requiring  the  particle  be  reintroduced 
back  into  the  cube  in  the  same  medium  that  it  left.  Figures  7-9  show  absorbed  fraction 
calculations  for  all  source-target  combinations  utilizing  the  two  different  reintroduction 
methods.  These  figures  show  that  the  Jokisch  method  and  the  method  of  the  present 
study  produce  similar  absorbed  fractions,  except  for  the  self-irradiation  of  the  trabecular 
bone  endosteum  at  10  keV.  The  error  of  the  absorbed  fractions  associated  with  each 
method  is  less  than  1 .0  %.  Since  the  absorbed  fraction  of  the  present  work  equals  unity  at 
10  keV,  the  method  of  the  present  study  more  closely  agrees  with  the  predicted  value  of 
full  energy  absorption  in  the  source  region  at  low  initial  energies. 

Reproducibility  Study 

Several  different  NMR  imaging  parameters  are  changed  from  one  imaging  session 
to  the  next  depending  on  characteristics  of  the  sample  (such  as  percentage  of  MR  signal 
producing  material  and  sample  position  within  the  quadrature  coil)  and  of  the 
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instrumentation  (such  as  placement  of  the  quadrature  coil  in  the  magnetic  field,  tuning  of 
the  quadrature  coil,  and  homogeneity  of  the  magnetic  field).  To  determine  the 
reproducibility  of  dosimetric  calculations  from  images  obtained  using  NMR  microscopy, 
as  well  as  to  investigate  the  impact  of  the  NMR  imaging  protocol  on  dosimetric 
calculations,  a  2.0  cm  x  1.3  cm  x  1.3  cm  bone  cube  was  physically  sectioned  from  the 
right  femoral  head  of  a  51 -year-old  male  cadaver.  Before  imaging,  the  marrow  was 
removed  from  the  cube  and  the  marrow  spaces  were  filled  with  Gd-doped  water  in  the 
manner  described  earlier.  Subsequently,  the  bone  cube  was  imaged  in  five  different 
imaging  sessions.  For  imaging  purposes,  a  field  of  view  (FOV)  of 
4.50  cm  X  2.25  cm  x  2.25  cm  and  matrix  dimensions  of  512  x  256  x  256  were  chosen  for 
all  five  imaging  sessions  resulting  in  cubic  voxels  with  dimensions  of 
88  |am  x  88  |im  x  88  f^m.  Table  3  gives  a  complete  list  of  the  parameters  used  in  each  of 
these  imaging  sessions.  After  acquiring  the  image  data  sets,  slices  were  extracted  in  each 
plane  for  visual  inspection.  After  visually  inspecting  the  2D  slices,  all  previously 
mentioned  image-processing  steps  were  applied  to  each  NMR  image. 

A  C-program  was  used  to  make  digital  measurements  of  chord  lengths  across 
marrow  cavities  and  bone  trabeculae  within  a  region  of  interest  (the  same  ROI  used  in  the 
EGS4  voxel  transport  code)  of  the  binary,  filtered  images  in  a  manner  analogous  to  that 
used  by  F.W.  Spiers  and  colleagues  through  automated  optical  scanning  of  bone  section 
radiographs.  In  this  program  one  million  rays  were  fired  across  the  ROI.  These  chord 
lengths  are  not  attended  to  represent  the  actual  microstructure  of  these  regions;  rather 
they  are  used  as  a  tool  to  measure  the  ability  to  obtain  consistent  results.  Appendix  I  lists 
the  C-program  used  to  calculate  these  chord  distributions.   A  complete  description  of 
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chord  lengths  and  chord  length  measurements  is  presented  by  Jokisch  (1999).  In  addition 
to  comparisons  of  chord  length  measurements,  comparisons  are  made  between  absorbed 
fractions  calculated  in  the  manner  described  within  the  previous  section. 

Accuracy  of  Gadolinium-Doped  Water  NMR  Imaging 

To  measure  the  impact  the  marrow  removal  process  has  on  trabecular 
microarchitecture,  three  bone  cubes  were  physically  sectioned  from  three  different 
femoral  heads:  one  from  the  51 -year  old  male  cadaver,  one  from  the  86-year-old  female 
cadaver,  and  one  from  a  71 -year-old  male  undergoing  total  hip  arthoplasty.  Each  bone 
cube  was  imaged  twice,  once  with  marrow  serving  as  the  signal  source,  and  once  with 
Gd-doped  water  within  these  marrow  spaces  serving  as  the  signal  source.  The  first 
imaging  session  of  each  bone  cube  occurred  within  two  hours  of  physical  sectioning. 
Table  4  lists  the  parameters  used  in  each  of  these  six  imaging  sessions.  Again,  slices 
were  extracted  from  each  NMR  image  and  all  previously  mentioned  image  processing 
steps  were  applied.  Both  chord  length  measurements  and  absorbed  fractions  were 
calculated  within  voxelized  images  acquired  at  each  imaging  session. 

After  the  second  imaging  session  of  each  bone  cube,  2D  optical  microscopy  was 
performed  in  the  method  described  previously.  Applying  a  threshold  and  median  filter  to 
the  optical  images  produced  binary-filtered  images  from  which  bone  and  marrow  chord 
length  distributions  were  calculated.  Finally,  a  comparison  was  made  between  2D  chord 
lengths  obtained  from  NMR  microscopy  and  the  2D  chord  lengths  obtained  from  optical 
microscopy.  Two-dimensional  chord  lengths  of  the  NMR  image  were  measured  from  the 
same  plane  that  was  physically  sectioned  to  produce  the  optical  slides. 
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Results  and  Discussion 
Reproducibility  of  NMR  Microscopy  Procedures 

Visual  inspection  was  used  to  determine  the  ROI  for  EGS4  radiation  transport.  In 
addition,  visual  inspection  of  the  2D  slices  extracted  from  the  first  of  five  imaging 
sessions  suggested  that  the  first  3D  image  acquired  did  not  properly  represent  the 
microstructure  of  the  trabecular  bone  site.  Figure  10  displays  2D  slices  extracted  along 
the  z-axis  of  the  magnet  for  the  image  acquired  in  the  first  imaging  session.  The  water 
filling  the  marrow  spaces  of  the  sample  does  not  produce  the  same  signal  intensity  for  all 
slices.  This  is  a  consequence  of  improper  sample  placement  within  the  quadrature  coil 
that  may  have  resulted  from  movement  of  the  sample  within  its  container.  Also,  visible 
in  the  two  bottom  slices  is  a  white  spike,  which  is  due  to  radiofrequency  noise  from  the 
gradients.  The  slices  further  suggest  the  presence  of  air  bubbles.  Consequently,  this 
imaging  session  was  only  included  in  this  study  to  further  demonstrate  the  impact 
improper  image  acquisition  has  on  chord  length  distributions  and  absorbed  fraction 
calculations.  The  reproducibility  of  absorbed  fractions  from  NMR  images  was 
subsequently  determined  using  imaging  sessions  2-5. 

Figures  11  and  12  display  the  gray  level  and  the  relative  gray  level  histograms 
calculated  from  the  ROI  of  each  image,  respectively.  The  gray  level  histograms  of  the 
last  four  imaging  sessions  have  two  distinct  peaks  with  a  deep  valley.  The  histogram  of 
the  first  imaging  session  does  not  have  a  distinct  bone  peak.  This  histogram  additionally 
shows  a  higher  frequency  of  gray  levels  with  intermediate  values  further  complicating  the 
determination  of  an  optimal  threshold  value  for  image  segmentation.  This  effect  is  due  to 
the  nonuniform  signal  intensity  of  the  marrow  spaces  added  to  a  partial  volume  effect. 
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Table  5  lists  the  regions  of  interest,  the  threshold  value,  and  the  volume  fractions 
after  thresholding  and  filtering  within  each  image  for  ail  imaging  sessions.  The  threshold 
values  were  calculated  from  the  histograms  shown  in  Figure  1 1  and  not  Figure  12.  The 
relative  histograms  shown  in  Figure  12  allow  one  to  better  compare  the  shape  of  the 
histograms  by  rescaling  each  histogram  so  that  the  primary  marrow  peak  falls  at  a  gray 
level  of  60.  Also,  listed  in  Table  5  are  the  average  volume  fractions  for  the  three  target 
tissues  for  imaging  sessions  2-5  and  their  associated  errors.  Shown  in  Figure  13  is  a  3D 
representation  of  the  ROI  of  the  second  imaging  session  after  thresholding  and  median 
filtering  created  by  commercial  software  (Vital-Images  1 993).  It  is  important  to  note  that 
this  is  a  negative  of  the  real  NMR  image.  In  other  words,  the  bone  spicules  are  white  and 
the  marrow  spaces  are  black  in  Figure  13.  Figure  14  shows  a  2D  slice  extracted  from  the 
z-axis  plane  of  the  second  image  before  thresholding,  after  thresholding,  and  after  both 
thresholding  and  application  of  the  median  filter. 

Three-dimensional  chord-length  distributions  for  bone  trabeculae  and  marrow 
cavities  are  presented  in  Figures  15  and  16,  respectively.  Three  methods  of  obtaining 
chord  lengths  and  the  advantages  of  each  method  have  been  discussed  by  Jokisch  et  al. 
(1999).  The  chord  lengths  presented  in  Figures  15  and  16  were  obtained  using  the  pure 
method  without  the  application  of  a  Minimum  Acceptable  Chord  (MAC)  criteria  (Jokisch 
et  al.  submitted  (a);  Jokisch  et  al.  submitted  (b)).  The  pure  method  scores  all  chords,  no 
matter  the  size  of  the  chord.  Figure  1 5  shows  a  higher  frequency  of  large  bone  chords  in 
the  first  imaging  session  relative  to  the  other  four  imaging  sessions.  This  is  evident  by 
the  considerable  dip  in  the  distribution  of  the  first  imaging  session  below  1 60  |im.  The 
larger  bone  chord  lengths  are  most  likely  due  to  falsely  classifying  low  signal-intensity 
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marrow  voxels,  arising  from  improper  placement  of  the  sample  in  the  quadrature  coil,  as 
bone  voxels  in  the  final  binary  image.  Figure  16  suggests  there  is  little  difference  in  the 
distributions  of  marrow  chord  lengths  measured  from  the  ROI  of  each  image  session. 

For  dosimetry  purposes,  a  better  comparison  is  made  in  terms  of  absorbed  fractions 
of  energy.  In  addition,  any  microstructural  differences  of  the  images  will  be  more 
evident  in  the  infinite  trabecular  region  transport  model,  since  in  the  infinite  trabecular 
region  EGS4  transport  code  the  particle  is  reintroduced  back  into  the  image's  ROI  when 
it  reaches  the  edge  of  the  image's  ROI,  thus  requiring  full  energy  deposition  within  the 
trabecular  bone  regions  of  the  bone  site.  As  a  result,  with  increasing  particle  initial 
energy  the  absorbed  fractions  for  each  of  the  three  target  tissues  should  approach  target- 
specific  convergence  values.  Furthermore,  these  convergence  values  at  high  electron 
energies  become  independent  of  the  source  location  of  the  emissions  (bone  marrow,  bone 
endosteum,  or  bone  volume  sources). 

The  absorbed  fraction  to  the  trabecular  marrow  space  for  high-energy  electrons 
emitted  from  source  region,  S,  may  be  expressed  in  terms  of  masses  within  the  trabecular 
bone  site: 


where  miMs,  hitbe,  and  mjev  are  the  masses  of  the  marrow  space,  bone  endosteum,  and 


collisional  mass  stopping  power  for  either  osseous  tissue  (TBV)  or  soft  tissue  (TMS  or 
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Eq.  6 


bone  volume  (trabeculae),  respectively,  within  the  skeletal  site,  and  {ciT/pcix)Js  the 


38 


TBE).  Equation  6  can  alternatively  be  expressed  in  terms  of  regional  volumes  within  the 
skeletal  site: 
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From  ICRU  Publication  46,  the  values  of  the  mass  collisional  stopping  powers  for 
adult  cortical  bone  (TBV)  and  adult  red  marrow  (TMS  and  TBE)  at  4.0  MeV  are 
1.67  MeV  cm^  g"'  and  1.86  MeV  cm^  g"',  respectively.  Also,  from  ICRU  Publication  46, 
the  density  of  adult  cortical  bone  (TBV)  and  adult  red  marrow  (TMS  and  TBE)  are 

3  3 

1.92  g/cm  and  1.03  g/cm  ,  respectively.  Table  6  lists  the  convergence  values  of  the 
absorbed  fractions  and  the  calculated  absorbed  fractions  for  4  MeV  electrons  originating 
from  the  TBV.  The  calculated  values  of  absorbed  fractions  at  4  MeV  from  EGS4 
simulations  are  within  one  percent  of  their  convergence  values,  thus  providing  a 
verification  of  the  accuracy  of  the  infinite  trabecular  region  EGS4  transport  code  used  in 
this  work.  A  complete  derivation  of  the  convergence  values  for  the  three  target  regions  is 
presented  in  Appendix  J  (Jokisch  et  al.  submitted  (a)). 

Figures  1 7-25  display  the  calculated  absorbed  fraction  energy  profiles  for  the  five 
imaging  sessions  of  the  bone  cube  considering  all  source  target  combinations.  The  most 
striking  observation  is  the  large  difference  between  the  absorbed  fraction  values  of  the 
first  session  and  the  remaining  four  sessions  at  4  MeV  for  both  TBV  and  TMS  targets.  A 
comparison  of  regional  volumes  within  the  bone  cube  shows  a  considerably  lower 
marrow  volume  in  the  first  session  than  the  other  four  sessions  and  thus  a  much  lower 
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convergence  value  for  TMS  and  a  much  higher  convergence  value  for  TBV.  The 
decreased  marrow  volume  is  most  likely  due  to  the  introduction  of  air  bubbles  and  to 
marrow  voxels  being  falsely  classified  as  bone  caused  by  the  nonuniform  MR  signal 
across  the  marrow  voxels. 

The  absorbed  fraction  data  for  all  source  and  target  region  combinations  are 
summarized  in  Tables  7-9.  Imaging  sessions  2-5  show  less  than  a  four  percent  variation 
at  4  MeV  and  better  agreement  at  lower  energies  for  all  source  target  combinations. 
Figures  26-28  show  the  average  absorbed  fraction  values  for  TBV,  TMS,  and  THE 
sources,  respectively.  Furthermore,  the  error  bars  on  these  figures  represent  the  errors 
associated  with  the  image  acquisition  and  image  processing  techniques,  not  the  error 
associated  with  the  EGS4  transport  code,  which  is  considerably  lower  (<  1%). 

Absorbed  Fraction  Comparisons  of  Marrow-Intact  and  Marrow  Digested  Samples 

To  investigate  the  impact  the  marrow  digestion  process  has  on  the  microstructure 
of  trabecular  bone  regions,  several  items  can  be  compared.  This  work  limits  the 
comparisons  to  quality  of  images,  gray  level  histograms,  chord  length  distributions,  and 
absorbed  fraction  calculations.  Only  the  absorbed  fraction  calculations  are  quantitative, 
yet  comparisons  of  the  first  three  give  insight  to  the  results  seen  in  the  absorbed  fraction 
calculations. 

Figures  29-31  compare  2D  slices  extracted  from  3D  images  acquired  from  the 
three  previously  mentioned  bone  cubes  with  either  the  marrow  intact  or  the  marrow 
digested  and  replaced  with  Gd-doped  water.  The  most  obvious  difference  between  the 
marrow-intact  and  water  images  is  the  more  uniform  signal  intensity  fi-om  the  marrow 
cavities  within  the  water  images.  The  active  and  inactive  marrow  in  the  marrow  intact 
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samples  do  not  produce  the  same  signal  intensity,  thus  marrow  voxels  have  a  wider  range 
of  gray  level  values  than  do  the  water-imaged  counterparts. 

A  comparison  of  gray  level  histograms  between  marrow-intact  and  Gd-doped 
water  images  is  presented  in  Figures  32-34.  From  these  figures,  it  is  obvious  that  the 
gray  level  histograms  produced  from  the  water  images  have  two  very  distinct  peaks  and  a 
deep  valley  in  between  the  bone  peak  and  the  marrow  peak,  thus  simplifying  the 
thresholding  procedure.  The  marrow-intact  histograms  do  not  display  two  distinct  peaks. 
In  fact,  the  marrow-intact  gray  level  histogram  in  Figure  34  only  has  one  peak  and 
consequently  does  not  allow  one  to  calculate  a  threshold  value  for  the  marrow-intact  3D 
NMR  image  obtained  from  the  bone  cube  harvested  from  the  86-year-old  female. 
Selecting  a  different  ROI  produced  a  gray  level  histogram  containing  two  peaks  from 
which  a  threshold  value  was  chosen,  yet  visual  inspection  of  the  slices  extracted  from  the 
3D  segmented  image  did  not  support  using  this  threshold  value.  Figure  35  shows  a  2D 
slice  extracted  from  a  3D  marrow-intact  NMR  image  of  the  bone  cube  harvested  from  the 
86-year-oId  female  before  and  after  segmentation. 

There  are  at  least  two  possible  reasons  for  the  lack  of  two  distinct  peaks  in  the 
marrow-intact  images.  The  first  reason  is  a  partial  volume  effect  due  to  voxels 
containing  both  marrow  and  bone,  producing  a  signal  not  of  the  same  intensity  as  a  voxel 
that  is  entirely  marrow.  This  is  one  explanation  of  gray  level  values  intermediate  to  the 
two  peaks.  However,  this  effect  is  also  present  in  the  water  images,  yet  the  gray  level 
histograms  from  the  water  images  do  have  two  distinct  peaks  and  a  considerably  lower 
frequency  of  gray  level  values  in  between  the  two  peaks  than  do  the  marrow-intact 
images.  The  second  reason  is  due  to  the  nature  of  the  signal  in  the  marrow-intact  images. 
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For  marrow-intact  images,  the  signal  is  contributed  by  both  active  marrow  and  adipose 
tissue  present  within  the  sample.  Since  the  physical  characteristics  of  marrow  and 
adipose  tissue  are  different,  they  do  not  produce  identical  signal  intensities  when  placed 
in  the  same  magnetic  field.  Therefore,  signal  voxels  have  a  much  wider  range  of  gray 
level  values. 

Figures  36-39  compare  chord-length  distributions  obtained  from  the  3D  NMR 
marrow-intact  and  Gd-doped  water  images  of  a  bone  cube  physically  sectioned  from  the 
right  femoral  head  sample  of  the  71 -year-old  male  undergoing  total  hip  arthoplasty  and  a 
bone  cube  physically  sectioned  from  the  right  femoral  head  of  the  51 -year  old  male 
cadaver,  respectively.     Neither  chord  length  distributions  nor  absorbed  fraction 
calculations  were  obtained  from  the  marrow-intact  image  of  the  bone  cube  harvested 
from  the  right  femoral  head  of  the  86-year-old  female  cadaver,  since  an  accurate 
threshold  value  could  not  be  determined.  Figures  36-39  suggest  that  in  regards  to  chord 
length  distributions,  very  little  difference  between  marrow-intact  and  Gd-doped  water 
images  can  be  measured.   These  results  thus  support  the  hypothesis  that  the  marrow 
digestion  process  does  not  alter  the  trabecular  microarchitecture  of  the  samples,  or  at  least 
as  can  be  seen  at  NMR  microscopy  resolutions.    It  should  be  pointed  out  that  in 
Figure  38,  there  is  a  higher  frequency  of  trabeculae  below  200      in  the  marrow-intact 
image  than  in  the  Gd-doped  water  image.  This  small  difference,  however,  can  easily  be 
attributed  to  the  fact  that  the  ROI's  of  the  two  images  used  to  calculate  the  chord 
distributions  are  not  identical.   Selection  of  identical  ROI's  is  not  possible  due  to  the 
manual  placement  of  the  sample  within  the  spectrometer.  Slight  variations  in  position 
can  occur  in  subsequent  imaging  sessions. 
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The  previous  results  give  a  qualitative  comparison  between  3D  NMR  marrow- 
intact  and  Gd-doped  water  images.  A  comparison  of  absorbed  fractions  calculated  from 
3D  NMR  images  of  a  bone  cube  before  and  after  marrow  removal  gives  a  more 
dosimetrically  important  quantitative  measure  of  the  impact  the  marrow  digestion  process 
has  on  the  microarchitecture  of  trabecular  bone  regions.  Figures  40-45  compare  absorbed 
fractions  calculated  from  3D  NMR  marrow-intact  images  to  absorbed  fractions  calculated 
from  3D  NMR  Gd-doped  water  images  of  bone  cubes  physically  sectioned  from  the  right 
femoral  heads  of  the  71 -year-old  male  undergoing  total  hip  arthoplasty  and  the  51 -year- 
old  male  cadaver,  respectively.  In  Figures  40-42,  the  maximum  variation  in  calculated 
absorbed  fractions  of  the  two  different  imaging  methods  is  4%  for  both  TBV  and  TMS 
targets  at  4  MeV.  This  variation  decreases  with  decreasing  energy.  Furthermore,  TBE 
absorbed  fractions  display  a  mere  1%  variation.  Figures  43-45  display  even  less  variation 
than  Figures  40-42.  As  discussed  in  the  previous  section,  a  variation  of  up  to  4%  is 
associated  with  the  image  acquisition  and  image  processing  techniques.  Therefore,  it 
appears  that  the  marrow  digestion  process  causes  no  measurable  microstructural  change 
to  trabecular  bone  regions  as  seen  in  dosimetry  results  from  these  images. 

Comparison  of  Chord  Distributions  From  NMR  and  Optical  Microscopy 

Five  slices  were  physically  sectioned  from  each  of  the  three  marrow-digested 
bone  cubes  that  had  been  embedded  in  a  solution  of  methyl  methacrylate,  dibutyl 
phthalate,  and  Benzoyl  peroxide  at  the  Division  of  Research  in  the  Department  of 
Orthopaedics  and  Rehabilitation  at  Shands  Hospital.  However,  due  to  incomplete 
polymerization  of  the  solution  of  methyl  methacrylate,  dibutyl  phthalate,  and  Benzoyl 
peroxide,  only  two  slices  from  each  sample  were  usable.    The  other  slices  suffered 
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microstructural  damage  to  the  trabeculae,  primarily  because  the  saw  pushed  the  soft 
solution  instead  of  cutting  it.  Figure  46  shows  8  |im  x  8  |j,m  in-plane  spatial  resolution 
optical  images  of  one  slice  from  each  bone  cube  after  image  segmentation  and  median 
filtering. 

After  image  segmentation  and  median  filtering  of  the  2D  optical  slices,  2D  chord 
length  distributions  were  measured  from  the  two  slices  sectioned  from  each  bone  cube. 
Figures  47-49  show  the  normalized  frequency  of  2D  chord  lengths  measured  from  the 
optical  images  of  the  two  slices  and  the  normalized  frequency  of  2D  chord  lengths 
measured  and  averaged  for  all  slices  within  the  same  plane  in  the  NMR  image  for  ail 
three  femoral  heads.  In  all  three  figures  the  frequency  of  40  i^m  bone  and  marrow 
chords,  the  smallest  binned  value,  is  much  higher  for  the  optical  images  than  for  the 
NMR  image.  Furthermore,  in  Figure  47  the  bone  chord  distribution  of  the  NMR  image 
has  a  peak  at  200  i^m  that  is  not  present  in  the  bone  chord  distribution  of  the  optical 
microscopy  image.  Conversely,  the  marrow  chord  distribution  of  the  NMR  image  has  a 
dip  around  200  fxm  that  is  not  seen  in  the  marrow  chord  distribution  of  the  optical 
microscopy  image. 

However,  as  discussed  by  Jokisch  et  al.  (submitted  (b)),  two  pixel  effects  occur 
when  measuring  distances  across  voxelized  images.  Pixel  effect  "A"  results  from  chords 
traversing  from  one  side  of  the  pixel  to  the  opposite  side,  and  pixel  effect  "B"  results 
from  chords  traversing  from  one  side  to  an  adjacent  side  of  a  pixel.  Both  pixel  effects  are 
pixel  dimension  dependent.  Pixel  effect  "A"  causes  a  series  of  spikes  to  be  superimposed 
on  the  distribution.  Grouping  the  chord  lengths  into  bins  equal  to  the  resolution  of  the 
pixel  partially  removes  the  presence  of  these  pixel  effect  spikes.  The  result  of  "pixel 
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effect  B"  is  a  straight  line  of  equal  non-zero  probability  leading  up  to  the  length  equal  to 
the  pixel  size.  Furthermore,  pixel  effect  "B"  greatly  increases  the  frequency  of  chord 
lengths  smaller  than  the  resolution  of  the  pixels.  Therefore,  a  more  useful  comparison  is 
one  that  tries  to  account  for  the  differences  in  pixel  effect  "B"  due  to  the  different  spatial 
resolution  of  the  images.  Figures  50-52  attempt  to  do  this  by  removing  the  first  data 
point  from  each  set  of  data  and  renormalizing  the  remaining  data. 

After  the  removal  of  the  first  data  point,  chord  length  distributions  obtained  from 
the  optical  images  and  the  NMR  image  in  Figures  50-52  show  good  agreement  above 
300  i^m  for  trabeculae  and  above  500  [xm  for  marrow  cavities.  However,  for  chord 
lengths  less  than  300  |im,  differences  in  chord  length  measurements  of  the  two  imaging 
methods  are  evident.  These  differences  may  be  due  to  the  fact  that  optical  microscopy 
chord  distributions  were  calculated  fi-om  only  two  slices  sectioned  from  the  trabecular 
bone  cube  whereas  NMR  microscopy  chord  distributions  were  calculated  and  averaged 
across  the  entire  plane  of  the  NMR  image  from  which  the  slices  were  sectioned.  Other 
factors  that  may  contribute  to  these  differences  include  the  methods  used  to  produce  and 
segment  optical  microscopy  images  and  the  nature  by  which  distances  are  measured 
across  voxelized  images.  The  methyl  methacrylate  solution  used  for  embedding  the  bone 
samples  may  have  introduced  artifacts  into  the  marrow  cavities.  For  example,  a  crack  in 
the  hardened  embedding  material  will  refract  the  light  from  the  microscope  and  thus  not 
produce  a  uniform  signal  intensity.  In  addition,  air  pockets  in  the  hardened  embedding 
material  will  allow  more  light  to  be  transmitted  than  areas  without  air  pockets,  thus 
giving  more  signal  intensity.  More  than  likely  a  combination  of  the  three  sources  of  error 
produces  the  differences  seen  at  low  chord  lengths,  and  thus  a  definitive  answer  to  the 
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accuracy  of  measuring  trabecular  bone  microstructure  by  means  of  NMR  microscopy 
cannot  be  obtained. 


Conclusions 

This  work  has  discussed  in  great  detail  the  methodology  used  at  the  University  of 
Florida  to  calculate  absorbed  fractions  from  3D  NMR  images.  Furthermore,  this  work 
verified  the  ability  of  this  methodology  to  reproduce  absorbed  fractions  by  imaging  a 
single  bone  cube  sectioned  from  the  right  femoral  head  of  a  51 -year-old  male  cadaver 
five  times  and  subsequently  coupling  a  central  ROI  from  each  filtered-binary  image  to 
EGS4  in  order  to  calculate  absorbed  fractions  for  electrons  ranging  in  energy  from 
10  keV  to  4  MeV.  Even  though  large  differences  are  seen  in  the  gray  level  histograms  of 
each  imaging  session,  absorbed  fractions  have  a  maximum  variation  of  4%  at  4  MeV. 
Less  variation  occurs  at  lower  electron  energies. 

A  comparison  of  absorbed  fractions  calculated  from  3D  NMR  images  of  bone 
cubes  before  and  after  marrow  removal  gave  a  quantitative  measure  of  the  impact  of  the 
marrow  digestion  process  on  the  microarchitecture  of  trabecular  bone  regions.  The 
maximum  variation  in  calculated  absorbed  fractions  of  the  two  different  imaging  methods 
was  less  than  4%,  thus  proving  that  the  marrow  removal  process  did  not  alter  the 
microarchitecture  of  the  trabecular  bone  regions. 

Finally,  a  comparison  of  2D  chord  length  distributions  from  3D  NMR  microscopy 
images  and  from  optical  microscopy  images  obtained  from  two  slices  physically 
sectioned  from  the  sample  imaged  using  NMR  microscopy  was  indeterminate  in 
verifying  the  ability  of  NMR  microscopy  to  measure  the  microstructure  of  trabecular 
bone  regions.  Furthermore,  due  to  the  mentioned  difficulties  in  measuring  chord  lengths 
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across  voxelized  images,  the  small  number  of  slices  used  to  produce  optical  microscopy 
images,  and  the  uncertainties  associated  with  the  segmented  images  produced  using 
optical  microscopy,  the  results  cannot  support  or  disprove  that  NMR  microscopy  is  able 
to  measure  bone  and  marrow  structures  in  these  regions.  Furthermore,  a  comparison  of 
chord  lengths  measured  from  images  of  different  spatial  resolution,  suggests  that  the 
chord  length  method  is  not  able  to  properly  measure  the  microstructure  of  trabecular  bone 
regions. 
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Table  2.  List  of  bone  samples  harvested  from  the  three  cadavers  used  in  this  work.  The 
number  in  the  parentheses  represents  the  number  of  samples  harvested  from  each  bone 
site. 


Skull 

Parietal  Bone  (2) 

Occipital  Bone  (1) 

Frontal  Bone  (1) 

Mandible  (1) 
Ribs,  sternum,  shoulders 

Sternum  (1) 

Ribs  (2  upper  and  2  lower) 
Clavicles  (2) 
Scapulae  (2) 


Vertebra 

Cervical  (7) 

Thoracic  (12) 

Lumber  (5) 
Pelvis 

Os  coxae  (1) 

Sacrum  (1) 
Arms 

Humerii,  upper  half  (2) 

Legs 

Radii,  upper  half  (2) 
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Table  5.  Parameters  associated  with  image  segmentation  of  the  five  imaging  sessions  in 
the  reproducibility  study.  Three-dimensional  spin-echo  pulse  sequences  were  used 
throughout  this  study.  The  bone  cube  used  was  sectioned  from  the  right  femoral  head  of 
a  51-year-old  male. 


Imaging 

Region  of  Interest 

Threshold 

Marrow 

Bone 

Endosteum 

Session 

(voxel  numbers) 

Value 

Volume 

Volume 

Volume 

(gray  level) 

(%) 

(%) 

(%) 

X-axis  Y-axis 

Z-axis 

1 

50-100  165-300 

60-130 

37 

59.9 

35.9 

4.2 

2 

135-220  180-340 

90-160 

17 

64.8 

31.2 

4.0 

3 

120-215  75-280 

65-170 

26 

67.2 

28.6 

4.2 

4 

60-160  220-400 

50-110 

19 

65.0 

30.7 

4.3 

5 

60-162  215-404 

55-114 

16 

67.6 

28.1 

4.3 

Average  from  Sessions  2-5 

66.2  ±  1.5 

29.7  ±  1.5 

4.2  ±0.14 
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Table  6.  List  of  the  absorbed  fraction  convergence  values  and  the  absorbed  fractions  that 
were  calculated  using  EGS4  for  4  MeV  electrons  originating  from  the  trabecular  bone 
volume. 


Imaging 
Session 

Bone 
Convergence 
Value 

Marrow  Endosteum 
Convergence  Convergence 
Value  Value 

Bone 
Absorbed 
Fraction 

Marrow 
Absorbed 
Fraction 

Endosteum 
Absorbed 
Fraction 

1 

0.484 

0.482 

0.034 

0.487 

0.479 

0.035 

2 

0.431 

0.535 

0.034 

0.436 

0.530 

0.034 

3 

0.402 

0.563 

0.035 

0.408 

0.557 

0.035 

4 

0.426 

0.539 

0.035 

0.430 

0.534 

0.036 

5 

0.396 

0.568 

0.036 

0.400 

0.564 

0.036 
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0.000 

0.000 

0.000 

0.002 

0.007 

0.017 

0.087 

0.229 

0.353 

0.374 

0.380 

0.383 

0.391 

0.000 

0.000 

0.000 

0.001 

0.009 

0.019 

0.090 

0.245 

0.377 

0.402 

0.410 

0.414 

0.418 

0.000 

0.000 

0.000 

0.000 

0.007 

0.018 

0.077 

0.221 

0.351 

0.376 

0.386 

0.390 

0.395 

0.000 

0.000 

0.000 

0.002 

0.007 

0.016 

0.086 

0.233 

0.383 

0.407 

0.415 

0.419 

0.424 

0.000 

0.000 

0.000 

0.002 

0.008 

0.019 

0.097 

0.262 

0.428 

0.458 

0.465 

0.472 

0.477 

0.000 

0.003 

0.008 

0.015 

0.017 

0.021 

0.025 

0.030 

0.034 

0.034 

0.035 

0.035 

0.036 

0.000 

0.003 

0.007 

0.017 

0.020 

0.023 

0.026 

0.031 

0.034 

0.035 

0.035 

0.035 

0.035 

0.000 

0.003 

0.007 

0.015 

0.019 

0.021 

0.024 

0.029 

0.033 

0.033 

0.034 

0.034 

0.034 

0.000 

0.004 

0.007 

0.016 

0.019 

0.020 

0.025 

0.028 

0.032 

0.032 

0.033 

0.033 

0.033 

0.000 

0.004 

0.007 

0.017 

0.021 

0.023 

0.028 

0.031 

0.033 

0.033 

0.033 

0.034 

0.034 

1.000 

0.997 

0.992 

0.983 

0.975 

I960 

0.888 

0.741 

0.614 

0.592 

0.586 

0.582 

0.573 

1.000 

0.997 

0.993 

0.982 

0.971 

0.958 

0.884 

0.725 

0.589 

0.563 

0.555 

0.551 

0.546 

1.000 

0.997 

0.993 

0.984 

0.974 

I960 

6680 

0.751 

0.616 

0.591 

0.581 

0.576 

0.571 

1.000 

0.997 

0.993 

0.983 

0.974 

0.964 

0.889 

0.739 

0.584 

0.561 

0.552 

0.548 

0.543 

1.000 

0.996 

0.993 

I860 

0.970 

0.958 

0.876 

0.707 

0.539 

0.509 

0.501 

0.495 

0.489 

0.010 

0.015 

0.020 

0.030 

0.040 

0.050 

0.100 

0.200 

0.500 

1.000 

1.500 

2.000 

4.000 
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9660 

0.991 

0.974 

0.957 

0.941 

0.836 

0.633 

0.446 

0.418 

0.408 

o 
d 

0.400 

1.000 

0.994 

0.991 

0.978 

0.958 

0.943 

0.842 

0.659 

0.478 

0.446 

0.437 

0.434 

0.430 

1.000 

0.995 

6860 

0.976 

0.963 

0.944 

0.840 

0.640 

0.464 

0.428 

0.415 

0.415 

0.408 

1.000 

0.995 

0.990 

0.979 

0.965 

0.947 

0.853 

0.668 

0.486 

0.453 

0.446 

0.440 

0.436 

1.000 

0.995 

0.991 

0.979 

0.968 

0.954 

0.865 

6690 

0.528 

0.501 

0.494 

0.492 

0.487 

0.000 

0.004 

0.009 

0.023 

0.032 

0.034 

0.042 

0.044 

0.038 

0.036 

0.036 

0.036 

0.036 

0.000 

0.006 

0.009 

0.020 

0.031 

0.033 

0.041 

0.040 

0.037 

0.036 

0.036 

0.036 

0.036 

0.000 

0.005 

0.011 

0.021 

0.027 

0.031 

0.042 

0.041 

0.036 

0.035 

0.035 

0.035 

0.035 

0000 

0.005 

0.010 

0.019 

0.025 

0.030 

0.039 

0.037 

0.035 

0.034 

0.034 

0.034 

0.034 

0.000 

0.005 

0.009 

0.019 

0.023 

0.027 

0.036 

0.036 

0.035 

0.035 

0.035 

0.034 

0.035 

0.000 

0.000 

0.000 

0.002 

0.011 

0.025 

0.122 

0.324 

0.517 

0.546 

0.556 
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0.564 

0.000 

0.000 

0.000 

0.002 
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0.024 
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0.301 
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0.518 

0.526 

0.530 

0.534 

0.000 
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0.319 
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0.536 

0.550 

0.550 

0.557 

0.000 
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0.002 
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0.108 
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a)  b) 


Figure  4.  A  region  of  interest  selected  within  a  2D  NMR  slice  extracted  from  a)  a  normal 
3D  Gd-doped  water  NMR  image  and  b)  a  3D  Gd-doped  water  NMR  image  from  a 
femoral  head  sample  whose  marrow  was  not  completely  digested.  The  bone  volume 
fraction  appears  higher  than  normal  because  the  undigested  marrow  adjacent  to  the 
trabeculae  is  represented  as  dark  voxels  due  to  the  very  short  TR  value  used  in  acquiring 
the  image. 
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Figure  5.  A  region  of  interest  selected  from  a  2D  NMR  slice  extracted  from  a)  a  normal 
3D  Gd-doped  water  NMR  image  and  b)  a  3D  doped-water  NMR  image  whose  marrow 
spaces  were  not  completely  filled  with  Gd-doped  water.  The  dark  circles  clearly  show 
the  presence  of  air  bubbles. 
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a)  b) 


Figure  6.  A  region  of  interest  selected  from  a  2D  NMR  slice  extracted  from  a)  a  normal 
3D  Gd-doped  water  NMR  image  and  b)  a  3D  doped-water  NMR  image  in  which  the 
sample  was  not  placed  exactly  in  the  middle  of  the  quadrature  coil.  It  is  apparent  that  the 
marrow  voxels  located  near  the  bottom  of  the  image  are  darker  than  the  marrow  voxels 
located  at  the  top  of  the  image. 
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Figure  7.  Comparison  of  absorbed  fractions  between  two  different  methods  of 
reintroducing  the  particle  back  into  the  region  of  interest.  The  trabecular  bone  volume 
served  as  the  electron  source,  with  each  of  the  three  target  regions  shown  in  the  figure. 
The  bone  cube  used  for  the  comparison  was  sectioned  from  a  thoracic  vertebra. 
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Figure  8.  Comparison  of  absorbed  fractions  between  two  different  methods  of 
reintroducing  the  particle  back  into  the  region  of  interest.  The  trabecular  marrow  space 
served  as  the  electron  source,  with  each  of  the  three  target  regions  shown  in  the  figure. 
The  bone  cube  used  for  the  comparison  was  sectioned  from  a  thoracic  vertebra. 
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Figure  9.  Comparison  of  absorbed  fractions  between  two  different  methods  of 
reintroducing  the  particle  back  into  the  region  of  interest.  The  trabecular  bone  endosteum 
served  as  the  electron  source,  with  each  of  the  three  target  regions  shown  in  the  figure. 
The  bone  cube  used  for  the  comparison  was  sectioned  from  a  thoracic  vertebra. 
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c)  d) 


Figure  10.  2D  slices  extracted  from  the  z-axis  of  the  3D  image  acquired  in  the  first 
imaging  session  of  the  reproducibility  study.  The  slice  represented  in  panel  a)  is  brighter 
than  the  slices  represented  in  panels  b),  c),  and  d)  attributed  to  the  sample  extending  past 
the  homogenous  region  of  the  quadrature  coil. 
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Figure  11.  Region-of-interest-gray-Ievel  histograms  for  each  imaging  session  used  to 
determine  threshold  values  in  the  reproducibility  study.  Note  the  lack  of  a  defined  null 
signal  (bone)  peak  in  the  image  from  session  1  attributed  to  improper  positioning  of  the 
bone  cube  within  the  quadrature  coil. 
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Figure  12.  Relative  region-of-interest-gray-level  histograms  of  each  imaging  session  in 
the  reproducibility  study.  The  graph  was  created  by  rescaling  the  x-axis  such  that  the 
marrow  peaks  are  aligned  with  a  gray  level  value  equal  to  60. 
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Figure  13.  A  3D  representation  of  the  ROI  chosen  from  the  second  NMR  imaging 
session  of  the  trabecular  bone  cube  used  in  the  reproducibility  study.  Bone  spicules  are 
shown  in  white,  and  marrow  spaces  are  black. 
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Figure  14.  2D  slices  extracted  from  the  plane  along  the  z-axis  of  the  magnet  from  the 
second  imaging  session  a)  before  thresholding,  b)  after  thresholding,  and  c)  after 
thresholding  and  applying  a  median  filter.  The  threshold  value  used  was  17. 
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Figure  15.  Three-dimensional  chord  length  distributions  across  bone  trabeculae 
calculated  from  the  selected  region  of  interest  of  each  of  the  five  imaging  sessions.  The 
chord  lengths  were  obtained  using  the  pure  acquisition  method  (no  MAC  criteria 
applied). 
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Figure  16.  Three-dimensional  chord  length  distributions  across  marrow  cavities 
calculated  from  the  selected  region  of  interest  of  each  of  the  five  imaging  sessions.  The 
chord  lengths  were  obtained  using  the  pure  acquisition  method. 
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Figure  17.  Comparison  of  absorbed  fractions  (i)(TMS<-TMS)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  18.  Comparison  of  absorbed  fractions  (t)(TBE<-TMS)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  19.  Comparison  of  absorbed  fractions  (t)(TBV<-TMS)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  20.  Comparison  of  absorbed  fractions  (t)(TMS<-TBE)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  21.  Comparison  of  absorbed  fractions  (t)(TBE<-TBE)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  22.  Comparison  of  absorbed  fractions  (f)(TBV<-TBE)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  23.  Comparison  of  absorbed  fractions  (t)(TMS<-TBV)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  24.  Comparison  of  absorbed  fractions  (t)(TBE<-TBV)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  25.  Comparison  of  absorbed  fractions  (t)(TBV<-TBV)  between  the  five  different 
imaging  sessions  using  an  infinite  medium  EGS4  transport  code.  The  bone  cube  used  for 
the  comparison  was  sectioned  from  a  femoral  head  sample  harvested  from  a  51 -year-old 
male  cadaver. 
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Figure  26.  Absorbed  fractions  averaged  from  imaging  sessions  2-5.  The  bone  cube  used 
was  sectioned  from  a  femoral  head  harvested  from  a  51-year-old  male  cadaver. 
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Figure  27.  Absorbed  fractions  averaged  from  imaging  sessions  2-5.  The  bone  cube  used 
was  sectioned  from  a  femoral  head  harvested  from  a  51-year-old  male  cadaver. 
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Figure  28.  Absorbed  fractions  averaged  from  imaging  sessions  2-5.  The  bone  cube  used 
was  sectioned  from  a  femoral  head  harvested  from  a  51-year-old  male  cadaver. 
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Figure  29.  Two-dimensional  slices  extracted  from  a)  the  3D  marrow  intact  image  and  b) 
the  3D  Gd-doped  water  image  of  a  bone  cube  physically  sectioned  from  a  femoral  head 
sample  removed  from  the  71 -year-old  male  undergoing  total  hip  arthoplasty  The 
ahasmg  visible  on  the  left  side  of  panel  b)  arisies  because  the  sample  extends  beyond  the 
chosen  field  of  view  of  the  spectrometer. 
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Figure  30.  Two-dimensional  slices  extracted  from  a)  the3D  marrow  intact  image  and  b) 
the  3D  Gd-doped  water  image  of  a  bone  cube  physically  sectioned  from  the  right  femoral 
head  sample  harvested  from  the  51 -year-old  male  cadaver. 
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Figure  31.  Two-dimensional  slices  extracted  from  a)  the  3D  marrow  intact  image  and  b) 
the  3D  Gd-doped  water  image  of  a  bone  cube  physically  sectioned  from  the  right  femoral 
head  sample  harvested  from  the  86-year-old  female  cadaver. 
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Figure  32.  Region  of  interest  gray  level  histograms  of  both  the  marrow  intact  and  the 
Gd-doped  water  image  of  a  bone  cube  physically  sectioned  from  a  femoral  head  sample 
removed  from  the  71 -year-old  male  undergoing  total  hip  arthoplasty. 
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Figure  33.  Region  of  interest  gray  level  histograms  of  both  the  marrow  intact  and  the 
Gd-doped  water  image  of  a  bone  cube  physically  sectioned  from  the  right  femoral  head 
sample  harvested  from  the  51 -year-old  male  cadaver. 
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Figure  34.  Region  of  interest  gray  level  histograms  of  both  the  marrow  intact  and  the 
Gd-doped  water  image  of  a  bone  cube  physically  sectioned  from  the  right  femoral  head 
sample  harvested  from  the  86-year-old  female  cadaver. 
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Figure  35.  A  2D  slice  extracted  from  a  marrow-intact  NMR  image  of  a  bone  cube 
sectioned  from  the  right  femoral  head  sample  harvested  from  the  86-year-old  female 
cadaver  a)  before  applying  the  threshold  value  and  b)  after  applying  the  threshold  value. 
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Figure  36.  Normalized,  omnidirectional  chord  length  distributions  through  trabeculae  of 
a  marrow  intact  3D  NMR  image  and  a  Gd-doped  water  3D  NMR  image  of  a  bone  cube 
physically  sectioned  from  a  femoral  head  sample  obtained  from  a  71 -year-old  male 
undergoing  total  hip  arthoplasty.  The  pure  acquisition  method  was  used  to  obtain  these 
chord  length  distributions. 
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Figure  37.  Normalized,  omnidirectional  chord  length  distributions  through  marrow 
cavities  of  a  marrow  intact  3D  NMR  image  and  a  Gd-doped  water  3D  NMR  image  of  a 
bone  cube  physically  sectioned  from  a  femoral  head  sample  obtained  from  a  71 -year-old 
male  undergoing  total  hip  arthoplasty. 
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Figure  38.  Normalized,  omnidirectional  chord  length  distributions  through  trabeculae  of 
a  marrow  intact  3D  NMR  image  and  a  Gd-doped  water  3D  NMR  image  of  a  bone  cube 
physically  sectioned  from  a  femoral  head  sample  obtained  from  a  51 -year-old  male 
cadaver. 
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Figure  39.  Normalized,  omnidirectional  chord  length  distributions  through  marrow 
cavities  of  a  marrow  intact  3D  NMR  image  and  a  Gd-doped  water  3D  NMR  image  of  a 
bone  cube  physically  sectioned  from  a  femoral  head  sample  obtained  from  a  51 -year-old 
male  cadaver. 
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Figure  40.  Comparison  between  absorbed  fractions  of  3D  NMR  images  of  a  bone  cube 
with  marrow  intact  and  with  Gd-doped  water  filling  the  marrow  cavities  using  an  infinite 
medium  EGS4  transport  code.  The  bone  cube  used  was  physically  sectioned  from  the 
right  femur  head  obtained  from  a  71 -year-old  male  undergoing  total  hip  arthoplasty. 
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Figure  41.  Comparison  between  absorbed  fractions  of  3D  NMR  images  of  a  bone  cube 
with  marrow  intact  and  with  Gd-doped  water  filling  the  marrow  cavities  using  an  infinite 
medium  EGS4  transport  code.  The  bone  cube  used  was  physically  sectioned  from  the 
right  femur  head  obtained  from  a  71 -year-old  male  undergoing  total  hip  arthoplasty. 
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Figure  42.  Comparison  between  absorbed  fractions  of  3D  NMR  images  of  a  bone  cube 
with  marrow  intact  and  with  Gd-doped  water  filling  the  marrow  cavities  using  an  infinite 
medium  EGS4  transport  code.  The  bone  cube  used  was  physically  sectioned  from  the 
right  femur  head  obtained  from  a  71 -year-old  male  undergoing  total  hip  arthoplasty. 
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Figure  43.  Comparison  between  absorbed  fractions  of  3D  NMR  images  of  a  bone  cube 
with  marrow  intact  and  with  Gd-doped  water  filling  the  marrow  cavities  using  an  infinite 
medium  EGS4  transport  code.  The  bone  cube  used  was  physically  sectioned  from  the 
right  femur  head  harvested  from  a  51-year-old  male  cadaver. 
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Figure  44.  Comparison  between  absorbed  fractions  of  3D  NMR  images  of  a  bone  cube 
with  marrow  intact  and  with  Gd-doped  water  filling  the  marrow  cavities  using  an  infinite 
medium  EGS4  transport  code.  The  bone  cube  used  was  physically  sectioned  from  the 
right  femur  head  harvested  from  a  5 1  -year-old  male  cadaver. 
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Figure  45.  Comparison  between  absorbed  fractions  of  3D  NMR  images  of  a  bone  cube 
with  marrow  intact  and  with  Gd-doped  water  filling  the  marrow  cavities  using  an  infinite 
medium  EGS4  transport  code.  The  bone  cube  used  was  physically  sectioned  from  the 
right  femur  head  harvested  from  a  5 1  -year-old  male  cadaver. 
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Figure  46.  Two-dimensional  optical  images  of  slices  physically  sectioned  from  bone 
cubes  sectioned  from  the  femoral  head  of  a)  a  51 -year  old  male  cadaver,  b)  an  86-year- 
old  female  cadaver,  and  c)  a  71 -year-old  male  undergoing  total  hip  arthoplasty.  The  slice 
thickness  is  9  \xm  and  the  in-plane  resolution  is  8  i^m  x  8  |im. 
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Figure  47.  Two-dimensional  bone  and  marrow  cavity  chord  lengths  measured  from  one 
plane  of  an  88  |im  x  88  |am  x  88  )am  3D  NMR  microscopy  image  and  from  8  |im  x  8  )am 
optical  microscopy  images  of  two  slices  extracted  from  the  same  plane  of  the  bone  cube. 
The  bone  cube  was  physically  sectioned  from  the  right  femoral  head  of  a  51 -year-old 
male  cadaver.  Chord  lengths  were  measured  using  the  pure  method. 
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Figure  48.  Two-dimensional  bone  and  marrow  cavity  chord  lengths  measured  from  one 
plane  of  an  88  |am  x  88  fim  x  88  \xm  3D  NMR  microscopy  image  and  from  8  |am  x  8  i^m 
optical  microscopy  images  of  two  slices  extracted  from  the  same  plane  of  the  bone  cube. 
The  bone  cube  was  physically  sectioned  from  the  right  femoral  head  of  a  71 -year-old 
male  undergoing  total  hip  arthoplasty.  Chord  lengths  were  measured  using  the  pure 
method. 
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Figure  49.  Two-dimensional  bone  and  marrow  cavity  chord  lengths  measured  from  one 
plane  of  an  88  \im  x  88  |am  x  88  fim  3D  NMR  microscopy  image  and  from  8  ^m  x  8  fam 
optical  microscopy  images  of  two  slices  extracted  from  the  same  plane  of  the  bone  cube. 
The  bone  cube  was  physically  sectioned  from  the  right  femoral  head  of  an  86-year-old 
female  cadaver.  Chord  lengths  were  measured  using  the  pure  method. 
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Figure  50.  Two-dimensional  bone  and  marrow  cavity  chord  lengths  measured  from  one 
plane  of  an  88  ^m  x  88  |am  x  88  |am  3D  NMR  microscopy  image  and  from  8  |im  x  8  ^m 
optical  microscopy  images  of  two  slices  extracted  from  the  same  plane  of  the  bone  cube. 
The  bone  cube  was  physically  sectioned  from  the  right  femoral  head  of  a  51 -year-old 
male  cadaver.  Chord  lengths  represented  in  the  figure  were  measured  using  the  pure 
method  with  chord  lengths  less  than  88  fim  being  ignored. 
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Figure  51.  Two-dimensional  bone  and  marrow  cavity  chord  lengths  measured  from  one 
plane  of  an  88  jam  x  88  ^m  x  88  fim  3D  NMR  microscopy  image  and  from  8  ^m  x  8  ^m 
optical  microscopy  images  of  two  slices  extracted  from  the  same  plane  of  the  bone  cube. 
The  bone  cube  was  physically  sectioned  from  the  right  femoral  head  of  a  71 -year-old 
male  undergoing  total  hip  arthoplasty.  Chord  lengths  represented  in  the  figure  were 
measured  using  the  pure  method  with  chord  lengths  less  than  88  ^m  being  ignored. 
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Figure  52.  Two-dimensional  bone  and  marrow  cavity  chord  lengths  measured  from  one 
plane  of  an  88  |am  x  88  |am  x  88  \im  3D  NMR  microscopy  image  and  from  8  ^m  x  8  ^m 
optical  microscopy  images  of  two  slices  extracted  from  the  same  plane  of  the  bone  cube. 
The  bone  cube  was  physically  sectioned  from  the  right  femoral  head  of  an  86-year-old 
female  cadaver.  Chord  lengths  represented  in  the  figure  were  measured  using  the  pure 
method  with  chord  lengths  less  than  88  ^m  being  ignored. 


CHAPTER  3 

SITE-SPECIFIC  VARIABILITY  IN  TRABECULAR  BONE  DOSIMETRY:  AN 
INITIAL  INVESTIGATION  OF  THE  FEMORAL  AND  HUMERAL  HEADS 

Introduction 

Microstructural  differences  in  trabecular  bone  associated  with  gender  (Mosekilde 
1989;  Aaron  et  al.  2000;  Hoffler  et  al.  2000;  Hordon  et  al.  2000;  Link  et  al.  2000)  and 
aging  (Snyder  et  al.  1993;  Blauth  et  al.  2000;  Ding  2000;  Guglielmi  et  al.  2000;  Hoffler  et 
al.  2000;  O'Flaherty  2000;  Tabor  and  Rokita  2000)  have  been  well  studied.  These  studies 
suggest  that  trabecular  bone  microarchitecture  undergoes  specific  morphological 
changes,  including  thinning  of  trabeculae  and  loss  of  trabeculae  connectivity  with  age.  In 
addition,  analyses  of  iliac  crest  bone  biopsies  have  found  that  the  spacing  between  bone 
trabeculae  increases  with  increasing  age  to  a  greater  degree  in  females  than  in  males,  thus 
suggesting  that  the  remodeling  of  trabecular  bone  regions  is  gender  dependent  (Beddoe  et 
al.  1976;  Melsen  et  al.  1978;  Mosekilde  1989;  ICRP  1995).  Bone  strength  studies  have 
attempted  to  utilize  the  results  of  these  previous  studies  to  help  predict  the  likelihood  of 
microfractures  within  trabecular  bone  regions  (Wehrli  et  al.  1993;  Wessels  et  al.  1997; 
Majumdar  et  al.  1999;  Blauth  et  al.  2000;  O'Flaherty  2000). 

Mechanical  stress  and  local  bone  strength  requirements  help  regulate  bone 
production;  consequently  weight-bearing  trabeculae  tend  to  be  thicker  than  non-weight 
bearing  trabeculae,  resulting  in  an  anisotropic  arrangement  in  some  skeletal  sites. 
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Furthermore,  the  length  and  width  of  individual  trabeculae  vary  throughout  the  skeletal 
system  due  to  the  different  strength  requirements  of  the  bone  sites. 

Very  little  research  has  been  conducted  on  the  impact  microstructural  differences 
associated  with  age,  gender,  and  bone  site  have  on  dosimetric  quantities  such  as  absorbed 
fraction  calculations  (Spiers  1969;  Beddoe  et  al.  1976;  Beddoe  1977).  Beddoe  conducted 
a  preliminary  study  of  the  microstructural  changes  associated  with  age  and  bone  site  by 
comparing  path  lengths  measured  from  five  bone  sites  (lumbar  vertebra,  femoral  head 
and  neck,  rib,  iliac  crest,  and  parietal  bone)  of  three  human  subjects  (1.7  year  old  male,  9 
year  old  male,  and  a  44  year  old  male)  measured  from  an  object-plane  scanning 
microscopy  (Beddoe  1976).  Nevertheless,  his  work  did  not  address  changes  associated 
with  gender  thus  focusing  only  on  microstructural  differences  between  an  infant  and  an 
adult  male.  An  additional  study  was  conducted  by  Beddoe  that  focused  on  the  lumbar 
vertebrae  of  adults  that  did  include  both  male  and  female  subjects  (Beddoe  et  al.  1976). 
However,  this  work  was  limited  to  six  males  and  two  females  ranging  in  age  from  39-52 
years  old  and  showed  a  12%  variation  in  chord  length  measurements  between  all 
samples.  A  difference  was  not  observed  between  the  female  samples  and  the  male 
samples. 

In  this  study,  a  preliminary  investigation  is  made  of  the  variations  of  the  absorbed 
fractions  for  electron  sources  in  trabecular  bone  with  age,  gender,  and  bone  site.  The 
dependency  of  absorbed  fractions  for  electrons  on  the  specific  bone  site  is  studied  by 
Monte  Carlo  radiation  transport  of  electrons  within  segmented  3D  NMR  images  from  six 
bone  cubes  physically  sectioned  from  three  femoral  head  samples,  as  well  as,  three  bone 
cubes  physically  sectioned  from  three  humeral  head  samples.  The  humeral  and  femoral 
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heads  were  chosen  in  order  to  investigate  the  assumption  that  these  two  regions  have 
similar  microstructure.  This  assumption  is  based  on  a  comparison  by  Beddoe  of  path 
lengths  measured  from  a  9-year-old  male  and  a  44-year-old  male  subject  (Beddoe  1976). 
In  addition  to  investigating  bone  site  variations,  this  chapter  conducts  a  preliminary 
investigation  of  age,  gender,  and  qualitative  assessments  of  bone  loss  (increased  marrow 
volume  fractions)  dependencies  on  absorbed  fraction  calculations  through  a  comparison 
of  absorbed  fractions  from  the  same  bone  sites  (the  femoral  and  humeral  heads)  harvested 
from  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 

Materials  and  Methods 

Bone  Site  Harvesting 

A  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver  were  purchased  from  the  State  of  Florida  Anatomical  Board.  The  male 
was  191  cm  and  113  kg.  The  cause  of  death  was  a  large  cardiovascular  accident,  which 
included  edema  and  cardiomyopathy.  No  change  in  trabecular  microstructure  is  expected 
from  this  cause  of  death.  The  82-year-old  female  was  170  cm  and  79  kg.  The  cause  of 
death  was  hypertension  due  to  arteriosclerotic  cardiovascular  disease.  Again,  since  the 
death  was  sudden  and  the  disease  was  not  related  to  the  skeletal  system,  the  trabecular 
microstructure  should  be  representative  of  female  subjects  of  similar  age.  The  86-year- 
old  female  was  163  cm  and  41  kg.  The  cause  of  death  was  cardiopulmonary  arrest  and 
malnutrition.  Since  this  individual  suffered  from  malnutrition,  some  trabecular 
microstructural  changes  may  be  evident.  Furthermore,  due  to  her  age  and  physical  state 
at  the  time  of  death,  the  86-year-old  female  is  anticipated  to  have  suffered  from 
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osteoporosis  to  a  larger  degree  than  either  of  the  other  two  cadavers.  Over  forty  bone 
samples  were  removed  from  each  cadaver.  After  removal,  the  samples  were  stored 
frozen  at  -17°  C  until  imaged. 

Computed  Tomography  (CT)  Scanning 

The  right  femoral  and  right  humeral  heads  harvested  from  each  of  the  three 
cadavers  were  taken  to  Shands  Hospital  located  on  the  University  of  Florida  campus  for 
imaging  on  a  General  Electric  LightSpeed  QX/i  Computed  Tomography  scanner 
operating  at  120  kV  and  120  mA.  Continuous  two-dimensional  slices  with  an  in-plane 
spatial  resolution  of  240  |a.m  x  240  \xm  and  a  slice  thickness  of  1 .25  mm  were  obtained 
for  all  three-femoral  head  samples.  For  the  humeral  head  samples,  the  in-plane  spatial 
resolution  was  188  |am  x  188  ^m  for  each  1.25  mm  slice.  In  addition  to  identifying  the 
best  location  to  physically  section  bone  cubes  from  the  samples,  the  CT  images  allowed 
one  to  determine  the  thickness  of  the  cortical  shell  of  the  samples.  The  cortical  thickness 
is  important  in  the  macroscopic  transport  model  used  in  this  work  as  explained  in  more 
detail  later  in  this  section.  Figures  53  and  54  represent  2D  cross-sectional  CT  images  of 
the  right  femoral  head  samples  and  the  right  humeral  head  samples  of  the  three  cadavers. 
From  multiple  linear  measurements  of  these  CT  images,  it  was  determined  that  the 
femoral  head  sample  harvested  from  the  male  cadaver  has  a  cortical  shell  thickness  of 
0.15  ±  0.02  cm,  whereas  the  cortical  shell  of  the  femoral  head  samples  harvested  from 
both  female  cadavers  is  0.12  ±0.01  cm  in  thickness.  Furthermore,  the  CT  images 
suggest  that  the  trabecular  bone  region  of  the  femoral  head  sample  of  the  male  cadaver  is 
best  modeled  as  a  sphere  with  a  5.0-cm  inner  diameter.  Likewise,  the  trabecular  bone 
regions  within  femoral  head  samples  of  the  female  cadavers  are  best  modeled  as  4.0-cm 
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inner  diameter  spheres.  The  CT  images  of  the  humeral  head  samples  were  used  to 
determine  that  the  trabecular  bone  region  of  this  bone  site  can  also  be  modeled  as  a 
sphere  with  an  inner  diameter  of  3.8  cm  and  a  cortical  shell  thickness  of  0.10+  0.01  cm 
for  the  female  cadavers.  The  trabecular  region  of  the  humeral  head  of  the  male  cadaver  is 
modeled  as  a  5.0-cm  inner  diameter  sphere  with  a  cortical  thickness  of  0.12  ±  0.02  cm. 

Sample  Preparation 

After  obtaining  CT  images,  each  sample  was  taken  to  the  State  of  Florida 
Anatomical  Board  located  on  the  University  of  Florida  campus  in  order  to  be  physically 
sectioned.  Two  bone  cubes  were  sectioned  from  the  right  femoral  head  sample  of  each 
cadaver  and  from  the  right  humeral  head  of  the  male  cadaver,  whereas  only  one  bone 
cube  was  sectioned  from  each  right  humeral  head  sample  of  the  female  cadavers. 

Since  the  region  of  interest  (ROI)  that  is  coupled  to  EGS4  is  chosen  such  that  the 
three  planes  of  the  ROI  are  orthogonal,  the  bone  samples  are  sectioned  into 
parallelepipeds.  By  sectioning  a  spherical-shaped  object  into  a  cube,  the  volume  of  the 
cube  represents  at  most  37%  of  the  volume  of  the  sphere.  For  this  study  the  two  bone 
cubes  sectioned  from  the  right  femoral  head  samples  of  the  male,  the  82-year-old  female, 
and  the  86-year-old  female  cadavers  represent  approximately  25%,  30%  and  30%  of  the 
trabecular  regions,  respectively.  Furthermore,  the  bone  cube  sectioned  from  the  humeral 
head  of  the  male  cadaver  represents  approximately  15%  of  that  trabecular  region, 
whereas  approximately  25%  of  the  trabecular  regions  are  represented  in  each  of  the  bone 
cubes  sectioned  from  the  humeral  heads  of  the  female  cadavers.  While  an  ideal  model 
would  capture  100%  of  the  trabecular  bone  regions,  sample  size  and  resolution 
limitations  of  current  imaging  modalities  (optical  microscopy,  NMR  microscopy,  and 
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^CT)  require  sectioning  of  the  trabecular  regions.  In  this  study,  it  is  assumed  that  the 
trabecular  bone  regions  of  the  bone  cubes  are  sufficiently  representative  of  the  trabecular 
regions  of  the  femoral  and  humeral  heads. 

Each  bone  cube  sectioned  from  the  femoral  head  samples  was  suspended  in  a 
container  that  was  filled  with  a  5.25%  sodium  hypochlorite  solution.  The  container  was 
placed  on  a  magnetic  stirrer,  and  the  solution  was  circulated  for  four  hours.  The  samples 
were  removed  from  the  solution,  rinsed  with  hot  water,  and  reimmersed  in  a  new  solution 
of  5.25%  sodium  hypochlorite  until  marrow  was  no  longer  visible  within  the  sample. 
After  the  marrow  removal  process,  the  marrow  spaces  were  filled  with  Gd-doped  water 
and  taken  to  the  Advanced  Magnetic  Resonance  Imaging  and  Spectroscopy  (AMRIS) 
Facility  of  the  University  of  Florida  Brain  Institute  for  imaging  (see  Appendix  B  for  more 
details). 

Each  bone  cube  sectioned  from  the  humeral  head  samples  was  imaged  with  the 
marrow  intact;  therefore,  very  little  sample  preparation  was  needed.  The  marrow  was  not 
digested  due  to  the  nature  of  the  bone  region.  After  visually  inspecting  the  bone  cubes 
from  the  humeral  heads,  it  was  noted  that  the  percentage  of  bone  present  in  the  cubed 
samples  was  extremely  low.  Furthermore,  all  trabeculae  appeared  to  be  substantially 
thinner  than  the  trabeculae  seen  within  the  femoral  heads.  Since  the  thinning  of  the  bone 
spicules  compromised  the  condition  of  the  bone  lattice,  the  marrow  digestion  process 
could  potentially  damage  the  trabecular  microarchitecture,  thus  marrow  intact  imaging 
was  chosen.  This  problem  existed  for  not  only  the  samples  from  the  female  cadavers,  but 
for  the  male  cadaver  as  well.  In  fact,  an  attempt  to  dissolve  the  marrow  in  one  bone  cube 
sectioned  from  the  humeral  head  of  the  male  cadaver  appeared  to  alter  the 
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microarchitecture  by  reducing  the  percentage  of  bone  in  the  sample,  thus  it  was  not 
imaged  in  this  study. 

NMR  Microscopy 

All  NMR  images  in  this  work  were  acquired  on  a  Bruker  20-cm  wide  bore 
Avance  Imaging  Spectrometer,  operating  at  a  200-MHz  proton  resonance  (4.7  T 
magnetic  field  strength)  using  a  35  mm  diameter  quadrature  birdcage  coil  of  length 
4.5  cm.  A  conventional  3D  spin-echo  pulse  sequence  was  used  to  obtain  fully  three- 
dimensional  images  of  each  sample.  The  field  of  view  (FOV)  of  each  imaging  session 
was  4.50  cm  x  2.25  cm  x  2.25  cm  with  matrix  dimensions  of  512  x  256  x  256.  Therefore, 
the  resulting  spatial  resolution  of  the  3D  image  was  88  \xm  x  88  |im  x  88  ^m.  Table  10 
lists  the  repetition  time  (TR),  echo  time  (TE),  receiver  gain  (RG),  and  number  of 
averages  used  in  each  imaging  session  of  the  six  femoral  head  bone  cubes  and  the  three 
humeral  head  cubes. 

Image  Processing 

Four  image-processing  steps  are  required  prior  to  coupling  the  NMR  images  to 
the  Electron  Gamma  Shower  Version  4  (EGS4)  code  for  electron  transport  simulations. 
These  steps  include  (1)  visual  inspection  of  2D  slices  extracted  from  the  image,  (2) 
determination  of  the  optimal  image  threshold  value,  (3)  image  segmentation,  and  (4) 
image  filtering.  Visual  inspection  of  2D  slices  allows  one  to  evaluate  the  quality  of  the 
NMR  image  and  to  determine  the  best  region  of  interest  for  electron  transport.  For  Gd- 
doped  water  images,  image  thresholding  was  performed  automatically  by  a  user-written 
code  that  incorporates  the  tissue  classification  model  of  Chung  et  al.  (1995).   In  this 
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model,  a  NMR  image  of  trabecular  bone  yields  a  gray-level  histogram  displaying  two 
peaks:  one  which  obeys  a  Rayleigh  distribution  and  is  associated  with  signal-free  or 
signal-weak  voxels,  including  both  bone  regions  and  electronic  background,  and  one 
which  obeys  a  Gaussian  distribution  and  is  associated  with  higher-intensity  marrow-space 
voxels.  The  optimal  threshold  intensity  for  each  voxel  image  is  the  gray-level  value  that 
will  minimize  the  error  associated  with  classifying  a  voxel  incorrectly.  For  marrow- 
intact  images,  the  presence  of  adipose  tissue  alters  the  signal  peak  of  the  gray-level 
histogram  by  superimposing  the  Gaussian  peak  associated  with  adipose  tissue  voxels 
with  that  associated  with  marrow  tissue  voxels;  consequently,  the  tissue  classification 
model  of  Chung  et  al.  was  not  used  for  marrow-intact  samples.  Alternatively,  the  gray 
level  that  corresponded  to  the  minimum  frequency  value  in  the  histogram  between  the 
bone  peak  and  the  signal  peak  was  chosen  as  the  effective  threshold  value.  After 
determining  the  optimal  threshold  value  from  the  gray  level  histogram,  binary  images 
were  produced  by  applying  this  threshold  to  the  3D  NMR  images.  A  weighted-median 
filter  was  also  applied  to  the  binary  image  following  image  segmentation  in  order  to 
eliminate  single  and  double  voxels  of  anomalously  high  or  low  intensity  arising  from 
signal  noise.  A  complete  description  of  the  image  processing  steps  is  presented  in  the 
Materials  and  Methods  section  in  Chapter  2  and  in  Appendices  H  and  I. 

Coupling  to  EGS4 

Different  regions  of  interest  extracted  from  filtered,  binary  images  of  the  bone 
cubes  serve  as  the  input  geometry  for  the  EGS4  transport  code.  The  Parameter-Reduced 
Electron-Step  Transport  Algorithm  (PRESTA)  is  included  for  all  applications  of  electron 
transport.    For  each  voxel  in  the  segmented  images,  one  of  two  transport  media  is 
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assigned:  marrow  or  bone.  The  atomic  compositions  of  bone  and  marrow  are  taken  from 
ICRU  Publication  46  (ICRU  1992)  with  marrow  voxels  having  the  composition  of  100% 
red  marrow  and  bone  voxels  being  assigned  the  composition  of  cortical  bone.  Explicit 
consideration  of  inactive  marrow  within  the  marrow  space  is  discussed  in  Chapter  4. 

Three  source-target  regions  are  considered  in  the  NMR  based  transport  model:  the 
trabecular  marrow  space  (TMS),  the  trabecular  bone  volume  (TBV),  and  the  trabecular 
endosteum  (TBE).  For  both  marrow  and  bone  source  regions,  10  sets  of  1000 
monoenergetic  electrons  of  initial  kinetic  energies  between  10  keV  and  4  MeV  are 
transported.  To  maintain  an  error  less  than  1.0%,  10  sets  of  2000  monoenergetic 
electrons  are  transported  for  the  endosteum  source  region.  Energy  deposited  by  the 
primary  electron,  secondary  particles,  and  bremsstrahlung  photons  is  tabulated  for  each 
target  voxel.  Absorbed  fractions  are  thus  calculated  for  each  target  voxel  and  summed 
over  all  target  voxels  in  order  to  obtain  the  average  absorbed  fraction  for  each  target 
tissue.  This  process  is  repeated  for  all  source-target  combinations  for  each  imaging 
session.  Furthermore,  since  the  range  of  the  electrons  and  the  macroscopic  dimensions  of 
each  bone  site  are  larger  than  the  dimensions  of  the  ROI,  the  particles  are  reintroduced 
back  into  the  ROI  following  particle  escape  in  the  method  described  in  Chapter  2. 

Macrostructural  Transport  Model  of  the  Femoral  and  Humeral  Head  Samples 

The  macrostructural  transport  model  is  an  extension  of  the  infinite  trabecular 
region  transport  model  presented  in  Chapter  2.  The  main  difference  arises  from  the  fact 
that  a  macroscopic  dimension  of  the  bone  site  of  interest  is  added  to  the  transport 
geometry  used  within  EGS4.  The  infinite  trabecular  region  transport  model  requires  full 
energy  deposition  in  the  trabecular  region  of  the  bone  site,  whereas  the  macrostructural 
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transport  model  allows  the  particles  to  leave  the  trabecular  region,  enter  the  cortex  of  the 
bone  site  (composed  of  cortical  bone),  and  finally  leave  the  bone  site  entirely.  Once 
outside  the  bone  site,  the  particles  are  transported  in  an  infinite  region  of  soft  tissue 
(representing  the  surrounding  muscle  of  the  bone). 

The  macroscopic  dimensions  (cortical  thickness  and  inner  diameter)  are 
determined  from  the  CT  images  of  the  bone  sites  (femoral  and  humeral  heads).  Once  a 
particle  reaches  the  edge  of  the  trabecular  region,  it  is  no  longer  transported  within  the 
voxels  of  the  NMR  image,  but  instead  is  transported  in  a  spherical  shell  of  cortical  bone. 
If  the  particle  reenters  the  trabecular  region  it  is  reintroduced  within  the  voxel  transport 
geometry.  If  the  particle  exits  the  exterior  side  of  the  cortical  shell,  it  is  still  transported 
within  the  surrounding  tissue,  thus  allowing  for  the  potential  re-entry  to  the  cortical  shell. 
The  macrostructural  transport  model  used  for  a  trabecular  marrow  space  (TMS)  source  is 
given  in  Appendix  K. 

Results  and  Discussion 

A  comparison  of  the  CT  images  of  the  femoral  heads  shown  in  Figure  53  to  the 
humeral  heads  shown  in  Figure  54  strongly  suggest  that  the  trabecular  structure  of  these 
two  sites  are  quite  different,  with  the  humeral  head  samples  displaying  a  much  greater 
loss  of  bone  mass  than  the  weight-bearing  femoral  heads.  Furthermore,  Figure  54 
illustrates  that  the  bone  loss  is  not  uniform  within  the  interior  of  the  humeral  head.  The 
nonuniformity  of  the  trabecular  regions  of  these  images  suggests  that  any  dosimetric 
model  of  these  regions  should  attempt  to  use  microstructural  data  from  as  much  of  its 
trabecular  region  as  possible. 
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Absorbed  Fraction  Comparisons  Between  Infinite  and  Macrostructural  Transport 
Models 

Current  skeletal  dosimetry  models  based  on  chord  length  measurements  follow 
electron  sources  until  they  fully  deposit  their  initial  kinetic  energy  within  the  trabecular 
regions  of  the  bone  site.  Consequently,  these  models  are  similar  to  the  infinite  trabecular 
region  model  of  Chapter  2.  Some  models,  however,  do  make  allowances  for  the  finite 
structure  of  the  trabecular  bone  region  within  the  skeletal  site.  For  example,  the  3D 
model  of  Bouchet  et  al.  (2000)  does  allow  bremsstrahlung  photons  that  travel  a  distance 
greater  than  5  cm  from  the  initial  source  point  to  escape  the  trabecular  region.  Also, 
Whitwell  did  make  allowances  for  "the  finite  sizes  of  the  bones,  which  result  in  some 
energy  escape  from  the  structure"  when  developing  skeletal  averages  of  her  dose  factors 
(Whitwell  1973;  Whitwell  and  Spiers  1976).  For  large  skeletal  sites,  the  assumption  of 
full  energy  deposition  may  be  accurate,  especially  at  moderate  to  low  electron  energies. 
However,  since  the  trabecular  region  is  finite  in  dimension,  full  energy  deposifion  does 
not  occur  at  large  energies,  especially  for  small  trabecular  regions. 

To  determine  the  amount  of  energy  escaping  the  trabecular  region,  a  comparison 
between  absorbed  fractions  for  a  TMS  target  calculated  using  the  infinite  trabecular 
region  transport  model  and  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  these  same  bone  sites  is  presented  in  Figures  55  -63  for  the  three 
femoral  head  samples  and  in  Figures  64-72  for  the  three  humeral  head  samples.  A 
similar  comparison  for  trabecular  bone  volume  (TBV)  and  trabecular  bone  endosteum 
(TEE)  targets  is  presented  in  Figures  122-157  of  Appendix  L. 

Several  observations  can  be  made  from  Figures  55-72.  Figures  55-63  investigate 
the  degree  of  nonuniformity  of  the  femoral  head  of  the  three  cadavers  by  comparing 
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absorbed  fractions  calculated  from  two  bone  cubes  sectioned  from  the  right  femoral  head 
of  each  cadaver.  The  degree  of  nonuniformity  in  the  trabecular  structure  of  the  bone 
cubes  will  impact  the  absorbed  fractions  the  most  at  high  electron  energies;  consequently, 
a  large  number  of  comparisons  are  made  at  4  MeV,  even  though  this  energy  represents  a 
rather  extreme  energy  for  beta  particles  from  internal  emitters.  Furthermore,  due  to  the 
small  errors  associated  with  the  absorbed  fraction  calculations  from  the  Monte  Carlo 
simulations  (typically  <  1.0%),  error  bars  are  only  visible  on  figures  that  display  the 
endosteum  as  the  target  where  the  range  of  ordinate  values  allows  the  error  bars  to  be 
visualized. 

Figures  55-57  show  the  absorbed  fractions  calculated  from  the  two  different  bone 
cubes  sectioned  from  the  femoral  head  sample  harvested  from  the  51 -year-old  male 
cadaver  using  the  infinite  trabecular  region  transport  and  the  macrostructural  transport 
models.  The  absorbed  fractions  calculated  using  the  infinite  trabecular  region  transport 
model  of  the  two  cubes  vary  less  than  4%  at  4  MeV.  The  macrostructural  transport 
model  reduces  this  variation  at  4  MeV  to  less  than  2%.  At  energies  below  200  keV,  no 
statistical  difference  is  seen.  In  Figures  58-60,  absorbed  fractions  calculated  from  the 
two  bone  cubes  sectioned  from  the  femoral  head  sample  of  the  82-year-old  female 
cadaver  using  the  infinite  trabecular  region  transport  model  vary  nearly  10%  at  4  MeV, 
whereas  the  macrostructural  transport  model  produced  absorbed  fractions  with  a  variation 
closer  to  5%  at  4  MeV.  A  similar  comparison  of  the  absorbed  fractions  calculated  from 
the  two  bone  cubes  sectioned  from  the  femoral  head  sample  of  the  86-year-old  female 
cadaver  suggest  very  little  microstructural  variation  between  the  two  cubes.  Both  the 
absorbed  fractions  calculated  using  the  infinite  trabecular  region  transport  model  and  the 
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absorbed  fractions  calculated  using  macrostructural  transport  model  shown  in  Figures  61- 
63,  have  an  intercube  variation  of  less  than  3%  at  4  MeV. 

In  addition  to  comparing  absorbed  fractions  of  different  bones  cubes  from  the 
same  bone  site  (femoral  head),  a  comparison  of  the  models  used  to  calculate  the  absorbed 
fractions  can  be  made  from  Figures  55-72.  In  Figures  55-57,  the  infinite  trabecular 
region  transport  model  produces  absorbed  fractions  that  are  more  than  10%  greater  at 
4  MeV  than  the  absorbed  fractions  calculated  using  the  macrostructural  transport  model. 
The  degree  of  overestimation  of  the  absorbed  fractions  calculated  using  the  infinite 
trabecular  region  model  decreases  with  decreasing  energy.  In  fact  as  seen  in  Figures  55- 
57,  below  100  keV  the  two  models  produce  almost  identical  results  for  absorbed  fractions 
calculated  from  bone  cubes  sectioned  from  the  femoral  head  obtained  from  the  51 -year 
old  male  cadaver.  Figures  58-63  show  more  than  a  15%  overestimation  of  the  absorbed 
fractions  calculated  using  the  infinite  trabecular  region  model  at  4  MeV.  Again,  this 
overestimation  decreases  with  decreasing  energy  until  the  two  models  give  equivalent 
results  below  50  keV.  This  larger  overestimation  is  due  to  the  difference  between  the 
macrostructure  of  the  female  femoral  head  and  the  male  femoral  head.  The  female 
femoral  heads,  having  smaller  overall  macroscopic  dimensions  than  the  male  femoral 
head,  allow  deviations  from  the  total  energy  deposition  assumption  at  lower  energies. 

A  similar  comparison  can  be  made  for  the  bone  cubes  removed  from  the  humeral 
head  of  the  three  cadavers.  At  4  MeV  for  TMS,  TBV,  and  TBE  sources,  a  20% 
difference  between  absorbed  fractions  calculated  from  the  bone  cube  sectioned  from  the 
male  cadaver  using  the  infinite  trabecular  region  transport  model  and  absorbed  fractions 
using  the  macrostructural  transport  model  is  evident  in  Figures  64-66.  In  Figures  67-72, 
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this  difference  is  closer  to  30%  for  the  bone  cubes  sectioned  from  the  female  cadavers. 
Again,  the  larger  difference  is  due  to  the  fact  that  the  macroscopic  dimensions  of  the 
female  humeral  heads  are  smaller  than  the  macroscopic  dimensions  of  the  male  humeral 
head,  thus  allowing  for  more  electron  energy  to  escape  the  trabecular  regions  of  the  bone 
site. 

It  should  be  noted  that  the  absorbed  fraction  differences  are  target  dependent  with 
less  variation  seen  for  the  bone  and  endosteal  targets  than  for  the  marrow  space  as  the 
target  region.  In  fact,  for  the  endosteal  target  there  is  only  a  1%  overestimation  by  the 
infinite  trabecular  region  transport  model.  However,  relative  to  the  total  absorbed 
fraction  of  3%  at  4  MeV,  this  overestimation  is  significant.  Furthermore,  no  matter  the 
target.  Figures  55-72  show  that  when  a  model  does  not  limit  energy  deposition  by  taking 
into  account  the  macroscopic  dimensions  of  the  bone  site  (such  as  in  chord  based  models 
and  in  the  infinite  trabecular  region  transport  model  of  Chapter  2),  overestimates  of  the 
absorbed  fractions  within  these  regions  will  be  seen  by  as  much  as  30%,  resulting  in 
overestimates  of  target  tissue  dose  within  these  skeletal  sites. 

Absorbed  Fraction  Comparisons  of  the  Femoral  Head  Samples 

To  investigate  the  microstructural  variation  associated  with  age  and  gender, 
Figures  73-81  compare  the  absorbed  fractions  calculated  from  the  six  bone  cubes 
physically  sectioned  from  the  right  femoral  head  of  the  three  cadavers  using  the  infinite 
trabecular  region  transport  model  for  all  source-target  combinations.  Comparisons  of 
absorbed  fractions  calculated  from  the  two  bone  cubes  sectioned  from  the  femoral  head 
of  the  51 -year-old  male  and  the  86-year-old  female  suggest  little  microstructural 
differences  between  the  femoral  head  of  these  two  cadavers.   However,  for  TMS  and 
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TBV  targets,  absorbed  fractions  calculated  from  the  two  bone  cubes  sectioned  from  the 
82-year-old  female  differ  at  high  energies  by  5-15%  from  the  absorbed  fractions 
calculated  from  bone  cubes  sectioned  from  the  other  two  cadavers.  Figure  73  shows  that 
6-20%  more  energy  is  deposited  in  the  TMS  of  the  two  bone  cubes  sectioned  from  the 
femoral  head  of  the  82-year-old  female  than  in  the  TMS  of  the  other  cadavers.  This 
difference  suggests  the  marrow  volume  fractions  of  these  two  bone  cubes  are  higher  than 
the  marrow  volume  fractions  of  the  other  four  bone  cubes.  Table  1 1  lists  the  volume 
fractions  for  all  six  bone  cubes.  Shown  in  Table  1 1  is  a  much  higher  marrow  volume 
fraction  for  the  two  cubes  sectioned  from  the  femoral  head  of  the  82-year-oId  female 
cadaver  than  bone  cubes  obtained  from  the  other  two  cadavers.  Furthermore,  the  marrow 
volume  fractions  of  the  two  cubes  from  the  82-year-old  female  show  an  intercube 
variation  of  8%.  Since  the  infinite  trabecular  region  transport  model  requires  full  energy 
deposition  and  absorbed  fractions  are  proportionate  to  the  volume  fractions,  the 
differences  of  absorbed  fractions  calculated  using  the  infinite  trabecular  region  transport 
model  seen  in  Figures  73-81  can  be  explained  by  the  differences  of  marrow  volume 
fractions  shown  in  Table  1 1 . 

Also,  evident  in  Figures  73-81  is  the  variation  in  absorbed  fractions  calculated 
from  cubes  sectioned  from  the  same  bone  site  of  the  same  cadaver.  For  bone  cubes 
sectioned  from  the  51 -year-old  male  and  the  86-year-old  female,  the  absorbed  fractions 
calculated  from  the  two  bone  cubes  of  the  same  site  vary  by  less  than  2%  at  4  MeV.  As 
noted  in  the  previous  chapter,  variations  associated  with  the  imaging  protocol  and 
imaging  processing  can  account  for  as  much  as  a  4%  variation  in  absorbed  fractions. 
Consequently,  both  the  femoral  head  harvested  from  the  51 -year-old  male  and  the 
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femoral  head  harvested  from  the  86-year-old  female  appear  to  be  uniform  in  nature  with 
little  dosimetrically  important  microstructural  differences. 

For  TMS  and  TBV  targets,  absorbed  fractions  calculated  from  the  two  cubes 
sectioned  from  the  femoral  head  of  the  82-year-old  female  cadaver  vary  by  10%  at 
4  MeV.  This  variation  suggests  that  the  microstructure  of  this  femoral  head  is 
nonuniform.  When  this  variation  is  combined  with  the  fact  that  the  marrow  volume 
fractions  of  these  two  bone  cubes  are  higher  than  the  marrow  volume  fraction  of  the  bone 
cubes  sectioned  from  the  other  two  cadavers,  evidence  suggest  that  the  femoral  head  of 
the  82-year-old  female  has  undergone  nonuniform  thinning  of  the  trabeculae,  resuhing  in 
a  dosimetrically  important  nonuniform  structure. 

To  determine  the  impact  the  nonuniformity  of  these  regions  has  on  dosimetric 
calculations,  a  comparison  between  absorbed  fractions  calculated  from  bone  cubes  of  the 
same  site  from  the  same  cadaver  using  the  macrostructural  transport  model  is  more 
useful.  Figures  82-90  represent  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  each  bone  cube  sectioned  from  the  femoral  heads  of  the  three 
cadavers  for  all  target-source  combinations.  Again  considering  the  TMS  target  at  4  MeV, 
the  absorbed  fractions  calculated  from  the  two  bone  cubes  sectioned  from  the  femoral 
head  of  the  82-year-old  female  cadaver  are  higher  than  the  absorbed  fractions  calculated 
from  the  bone  cubes  sectioned  from  the  51 -year-old  male  and  the  86-year-old  female 
cadavers.  However,  only  absorbed  fractions  calculated  from  one  of  the  two  bone  cubes 
from  the  82-year-old  female  differ  by  more  than  4%  at  4  MeV  from  absorbed  fractions 
calculated  from  bone  cubes  sectioned  from  the  other  cadavers.  This  suggests  that  at  high 
electron  energies,  significant  energy  escapes  the  bone  site  thus  reducing  the  impact  of 


120 

microstructural  differences  of  absorbed  fraction  calculations.  However,  for  energies  less 
than  4  MeV,  a  5-20%  variation  is  evident  between  the  two  bone  cubes  from  the  82-year- 
old  female  cadaver  and  the  other  two  cadavers.  The  macrostructural  transport  model 
produces  variations  similar  to  the  infinite  trabecular  region  transport  model  for  both  TBE 
and  TBV  targets. 

Absorbed  Fraction  Comparisons  of  the  Humeral  Head  Samples 

Figures  91-99  show  comparisons  of  absorbed  fractions  calculated  using  both  the 
infinite  trabecular  region  transport  and  the  macrostructural  transport  models  for  bone 
cubes  sectioned  from  the  right  humeral  head  of  each  cadaver.  Figure  91  shows  absorbed 
fractions  for  a  TMS  target  calculated  using  the  infinite  trabecular  region  transport  model 
are  15%  lower  at  4  MeV  for  the  51 -year-old  male  humeral  head  than  for  the  humeral 
heads  from  the  two  females.  At  energies  below  50  keV,  there  is  less  than  a  1% 
difference.  However,  at  energies  greater  than  100  keV,  absorbed  fractions  calculated 
using  the  infinite  trabecular  region  transport  model  for  the  humeral  head  of  the  male 
cadaver  ranges  between  5-15%  lower  than  the  absorbed  fractions  calculated  from  the 
humeral  heads  of  the  female  cadavers.  Figures  91,  94,  and  97  also  show  that  the 
macrostructural  transport  model  produces  absorbed  fractions  for  a  TMS  target  that  are 
less  than  2%  lower  than  absorbed  fractions  calculated  by  the  infinite  trabecular  region 
transport  model  for  energies  less  than  500  keV.  However,  for  energies  greater  than 
500  keV,  absorbed  fractions  calculated  using  the  macrostructural  transport  model  are  as 
much  as  30%  lower  than  the  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  model  for  the  humeral  heads  of  the  female  cadavers. 
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Figures  93,  96,  and  99  show  the  absorbed  fractions  for  a  TBV  target.  In  these 
figures,  the  absorbed  fractions  calculated  from  the  humeral  heads  of  the  two  female 
cadavers  vary  by  less  than  5%  for  all  energies  and  are  10-15%  lower  than  the  absorbed 
fractions  calculated  from  the  humeral  head  of  the  male  cadaver  at  4  MeV.  However  for 
the  energy  range  100  keV  to  1  MeV,  Figures  96  and  99  show  a  5-10%  variation  between 
absorbed  fractions  calculated  from  the  humeral  head  of  the  two  female  cadavers. 
Figures  93,  96,  and  99,  also  show  that  the  infinite  trabecular  region  transport  model 
overestimates  the  absorbed  fraction  calculations  by  less  than  5%  for  all  electron  energies 
for  all  three  cadavers. 

Shown  in  Figures  92,  95,  and  98  are  the  absorbed  fractions  calculated  for  a  TBE 
target.  Again,  the  absorbed  fractions  calculated  from  the  samples  sectioned  from  the 
female  cadavers  are  lower  than  the  absorbed  fractions  calculated  from  the  bone  cube 
sectioned  from  the  male  cadaver.  The  absolute  difference  is  only  1%  at  4  MeV,  while  the 
relative  difference  is  nearly  50%.  Since  the  endosteum  is  a  single  layer  of  cells  on  the 
trabeculae  bone  surface,  a  loss  of  bone  spicules  may  account  for  the  lower  absorbed 
fractions,  thus  suggesting  that  the  female  cadavers  have  experienced  more  bone  loss  in 
the  humeral  head  than  has  the  male  cadaver.  Additional  support  for  the  assumption  that 
the  female  cadavers  have  experience  more  bone  loss  than  the  male  cadaver  is  given  in 
Table  1 1 .  Table  1 1  shows  that  the  marrow  volume  fractions  of  the  humeral  heads  of  the 
female  cadavers  are  95%  and  the  bone  volume  fractions  are  4%,  while  the  marrow  and 
bone  volume  fractions  of  the  humeral  head  of  the  male  cadaver  are  84%  and  13%, 
respectively. 
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Absorbed  Fraction  Comparisons  Within  the  Femoral  and  Humeral  Heads 

Current  trabecular  dosimetry  models  assume  that  the  heads  of  the  femur  and 
humerus  have  an  equivalent  microarchitecture.  In  fact,  chord  length  distributions 
obtained  from  femoral  samples  are  applied  to  the  humeral  bone  site  for  dosimetric 
calculations,  since  the  only  microstructural  data  that  compares  these  sites  showed  similar 
chord  lengths  for  the  two  regions.  These  chord  lengths  were  measured  from  samples 
from  a  9-year-old  male.  However,  as  noted  by  Beddoe,  both  bone  sites  were  not  fully 
mature,  thus  no  data  has  been  available  that  compares  these  bone  sites  within  an  adult 
(Beddoe  1976).  Due  to  the  nature  of  the  two  bone  sites,  the  assumption  of  equal 
microarchitecture  seems  unrealistic.  The  femoral  head,  being  a  weight  bearing  bone  site, 
is  expected  to  have  thicker  bone  spicules  than  the  humeral  head,  which  has  much  less 
weight  bearing  responsibilities.  Furthermore,  osteoporosis  effects  bone  sites  at  different 
rates,  depending  on  mechanical  stress,  hormonal  balance,  and  chemical  equilibrium  along 
with  other  factors,  further  questioning  the  assumption  that  these  two  bone  sites  have 
equivalent  microstructures. 

Figures  100-108  investigate  this  assumption  by  comparing  absorbed  fractions  of  a 
TMS  target  calculated  using  the  infinite  trabecular  region  transport  model  from  bone 
cubes  sectioned  from  the  right  femoral  head  to  those  calculated  from  a  bone  cube 
sectioned  from  the  right  humeral  head  harvested  from  the  same  cadaver.  Figures  158-175 
of  appendix  L  shows  absorbed  fraction  calculations  comparing  the  cubes  sectioned  from 
the  femoral  head  and  from  the  humeral  head  of  the  three  cadavers  for  TBV  and  TBE 
targets  using  the  infinite  trabecular  region  transport  model. 
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Figures  100-101  show  4%  higher  absorbed  fractions  at  100  keV  for  the  bone  cube 
sectioned  from  the  humeral  head  than  the  corresponding  absorbed  fractions  calculated 
from  the  bone  cubes  sectioned  from  the  femoral  head.  This  difference  increases  for 
energies  greater  than  100  keV  reaching  25%  at  4  MeV.  At  100  keV,  Figure  102  shows  a 
10%  higher  absorbed  fraction  for  the  bone  cube  sectioned  from  the  humeral  head  than  the 
absorbed  fractions  calculated  from  the  femoral  head  bone  cubes.  Again,  this  difference 
increases  with  increasing  energy  until  a  28%  difference  is  evident  at  4  MeV.  Figures 
100-102  in  particular  show  that  the  femoral  head  and  the  humeral  head  of  the  51 -year-old 
male  display  very  different  trabecular  microstructures. 

Figures  103-105  show  greater  than  a  20%  difference  at  4  MeV  between  the 
absorbed  fractions  calculated  for  the  humeral  head  and  absorbed  fractions  calculated  for 
the  femoral  head  of  the  82-year-old  female  cadaver.  Even  at  energies  as  low  as  100  keV, 
the  humeral  head  has  an  absorbed  fraction  for  the  TMS  that  is  over  5%  higher  than 
absorbed  fractions  calculated  from  the  femoral  head.  For  the  86-year-old  female, 
Figures  106-108  show  an  even  larger  difference.  At  50  keV,  the  absorbed  fractions  of  the 
humeral  head  are  5%  higher  than  absorbed  fractions  of  the  femoral  head.  For  energies 
greater  than  50  keV,  the  difference  between  absorbed  fractions  of  the  humeral  and 
femoral  heads  increases  with  increasing  energy.  At  4  MeV,  the  absorbed  fractions  of  the 
humeral  head  are  40%  higher  than  the  absorbed  fractions  of  the  femoral  head. 
Figures  103-108  suggest  the  microstructure  of  the  humeral  and  the  femoral  heads  are 
quite  different  for  both  the  82-year-old  female  and  the  86-year-old  female. 
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This  work  has  shown  that  all  models  that  implicitly  assume  full  energy  deposition 
within  the  trabecular  region  of  a  given  bone  site  (infinite  trabecular  region  transport 
model  and  chord  based  models)  overestimate  the  absorbed  fractions  to  the  marrow 
cavities  by  more  than  20%  in  the  femoral  and  humeral  heads  at  4  MeV.  The  macroscopic 
dimensions  of  the  femoral  and  humeral  heads  are  rather  large  when  compared  to  most 
other  trabecular  bone  regions;  consequently  in  other  bone  sites,  such  as  the  ribs  and 
cranium,  an  even  larger  difference  between  full  energy  deposition  models  and  models 
that  account  for  the  macroscopic  dimensions  of  the  trabecular  region  would  be  seen. 

A  comparison  between  the  absorbed  fractions  calculated  from  bone  cubes 
sectioned  from  the  right  femoral  head  sample  of  the  same  individual  show  that  very  little 
microstructural  variation  is  evident  in  the  femoral  head  of  the  51 -year-old  male  and  the 
86-year-old  female  cadavers.  However,  the  nonuniform  nature  of  the  femoral  head  of  the 
82-year-old  female  cadaver  accounts  for  a  10%  variation  of  absorbed  fractions  at  4  MeV. 
In  addition,  the  marrow  volume  fractions  of  the  two  femoral  head  cubes  of  the  82-year- 
old  female  differ  by  8%,  further  emphasizing  the  nonuniformity  of  this  bone  site. 

To  determine  if  microstructural  differences  of  trabecular  regions  exist  between 
individuals  of  different  gender  and  age,  the  absorbed  fractions  calculated  from  the 
femoral  and  humeral  heads  of  the  male  cadaver  were  compared  to  absorbed  fractions 
calculated  from  the  same  bone  sites  of  the  female  cadavers  using  the  infinite  trabecular 
region  transport  model.  For  the  femoral  head,  the  absorbed  fractions  of  the  male  cadaver 
and  the  86-year-old  female  cadaver  are  very  similar,  varying  by  a  few  percent  for  all 
source-target  combinations.     Yet,  for  TBV  and  TMS  targets,  absorbed  fractions 
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calculated  from  the  femoral  head  of  the  82-year-old  female  are  5-10%  different  at  4  MeV 
than  absorbed  fractions  calculated  from  the  other  two  cadavers  with  more  energy  being 
deposited  in  the  marrow  spaces.  Contrary  to  the  results  of  the  femoral  head  samples,  the 
absorbed  fractions  calculated  from  the  humeral  heads  of  the  female  cadavers  vary  by  less 
than  1%  at  4  MeV.  However,  for  a  TMS  target  at  lower  energies,  this  variation  reaches 
5%.  In  addition,  the  absorbed  fractions  for  a  TMS  target  calculated  from  the  humeral 
head  of  the  male  cadaver  are  more  than  10%  lower  at  4  MeV  than  the  absorbed  fractions 
calculated  from  the  humeral  heads  of  the  female  cadavers. 

Results  of  this  work  have  shown  the  assumption  that  the  microstructures  of  the 
adult  humeral  head  and  femoral  head  are  equivalent  is  not  accurate.  In  fact,  comparisons 
of  TMS  target  absorbed  fractions  calculated  using  the  infinite  trabecular  region  transport 
model  from  the  same  individual  for  the  humeral  head  and  the  femoral  head  show  a 
difference  of  nearly  30%  at  4  MeV  for  all  three  cadavers  with  more  energy  being 
deposited  in  the  TMS  of  the  humeral  head. 

Comparisons  based  on  the  infinite  trabecular  region  transport  model  shed  light  on 
variations  in  the  microstructure  of  different  bone  sites  of  different  individuals.  However, 
little  is  gained  in  a  dosimetric  sense  by  these  comparisons.  For  dosimetric  purposes, 
comparisons  based  on  the  macrostructural  transport  model  are  more  useful.  Similar 
variations  as  the  ones  described  previously  are  evident  in  absorbed  fractions  calculated 
using  the  macrostructural  transport  model,  just  to  a  lesser  degree  at  high  energies.  In  fact, 
as  the  energy  increases,  a  greater  percentage  of  the  energy  escapes  the  trabecular  regions, 
thus  reducing  all  absorbed  fraction  values. 
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This  work  has  shown  that  models  that  require  full  energy  deposition  within  the 
trabecular  bone  site  overestimates  the  absorbed  fractions  to  this  region.  Furthermore,  the 
assumption  of  equivalent  femoral  and  humeral  microstructure  has  been  shown  to  be 
invalid.  Finally,  absorbed  fractions  calculated  from  the  femoral  and  humeral  heads  of 
three  cadavers  differed  at  high  energies  (4  MeV).  However,  for  energies  associated  with 
radionuclides  used  in  radiotherapy  (<  1  MeV),  little  difference  was  measured. 
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Table  10.  List  of  parameters  of  the  NMR  imaging  sessions  used  for  the  bone  cubes 
sectioned  from  the  right  femoral  head  and  the  right  humeral  head  of  a  5 1  -year-old  male 
cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old  female  cadaver. 


Sample 

Recovery  Time 
(TR) 

Echo  Time 
(TE) 

Receiver 
Gain  (RG) 

Number  of 
Averages 

CI                        1  -I   A  jT  1 

5 1  year  old  Male 
(femoral  head  cube  1 ) 

200  ms 

13.0969  ms 

22.5 

4 

5 1  year  old  Male 
(femoral  head  cube  2) 

200  ms 

11.0969  ms 

19.3 

2 

5 1  year  old  Male 
(humeral  head) 

1000  ms 

23.0969  ms 

40 

1 

82  year  old  Female 
(femoral  head  cube  1 ) 

200  ms 

13.0969  ms 

20.0 

4 

82  year  old  Female 
(femoral  head  cube  2) 

200  ms 

13.0969  ms 

21.0 

2 

82  year  old  Female 
(humeral  head) 

1000  ms 

23.0969  ms 

26 

1 

86  year  old  Female 
(femoral  head  cube  1 ) 

200  ms 

13.0969  ms 

20.0 

4 

86  year  old  Female 
(femoral  head  cube  2) 

200  ms 

13.0969  ms 

30.5 

2 

86  year  old  Female 
(humeral  head) 

1000  ms 

23.0969  ms 

47 

1 
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Table  1 1 .  Parameters  associated  with  the  region  of  interest  obtained  from  NMR  images 
of  the  six  bone  cubes  harvested  from  the  femoral  head  samples  and  the  three  bone  cubes 
sectioned  from  the  humeral  head  samples  of  three  different  cadavers. 

Region  of  Interest           . ,  ^ 

NMR                      (voxel  numbers)            .^^r^"^  Endosteum 

Ij^^oq                                                     Volume  Volume  Volume 

X-axis      Y-axis     Z-axis  <°-^'> 

,felS":rule,)                  '"-^^^                   ^'-^  34.2  4.6 

(f/lXrut^,    "5-220    180-340     ,0-160       64.8  31.2  4.1 

(h:nc;  '^"-^^^  ^^-^^  ^o-^-o  s4.o  i2.s  3.2 

(f^Sh")                  ^00.240     S0-1S9       71.0  25.3  3.7 

«5->"  "5-305  65-2,0  7.1  n, 

'(h^:rl'e™f                   >>0-3«    '00-225      95.6  3.6  0.8 
86  vear  old  Female 

(femoral  head  cube  1)     """^OC     ""-265     110-200      61.8  33.5  4.7 
86  year  old  Female 

(femoral  head  cube  2)    ^^^'l^O    115-245     20-195       64.4  31.5  4.1 
86  year  old  Female 

(humeral  head)         ^^0-220    150-300    100-200      95.2  3.5  1.3 
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c) 


Figure  53.  CT  images  of  femoral  head  samples  with  a  slice  thickness  of  1 .25  mm  and  an 
in-plane  resolution  of  240  ^m  x  240  of  the  right  femoral  head  of  a)  a  51 -year-old 
male  cadaver,  b)  an  82-year-old  female  cadaver,  and  c)  an  86-year-old  female  cadaver. 
Each  panel  is  shown  with  the  same  relative  scale  of  magnification,  thus  permitting 
relative  comparisons  of  actual  sample  size. 
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c) 


Figure  54.  CT  images  of  humeral  head  samples  with  a  slice  thickness  of  1.25  mm  and  an 
in-plane  resolution  of  188  ^m  x  188  [im  of  the  right  humeral  head  of  a)  a  51 -year-old 
male  cadaver,  b)  an  82-year-old  female  cadaver,  and  c)  an  86-year-old  female  cadaver. 
Each  panel  is  presented  at  the  same  relative  scale  with  one  another,  and  with  the  femoral 
head  samples  of  Figure  53. 
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Figure  55.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  a  51 -year-old  male  cadaver.  In  both  models,  the  trabecular  microstructure  was 
defined  by  the  NMR  image  of  either  of  two  physically  sectioned  bone  cubes.  In  this 
figure,  and  others  following,  coefficients  of  variation  on  the  absorbed  fraction  are  below 
1 .0%  and  error  bars  are  thus  not  displayed. 
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Figure  56.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  a  5 1  -year-old  male  cadaver. 
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Figure  57.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  a  5 1  -year-old  male  cadaver. 


134 


Figure  58.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  an  82-year-old  female  cadaver. 
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Figure  59.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  an  82-year-old  female  cadaver. 
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Figure  60.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  an  82-year-old  female  cadaver. 
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Figure  61.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  an  86-year-old  female  cadaver. 
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Figure  62.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral 
head  of  an  86-year-old  female  cadaver. 
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Figure  63.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructurai  transport  model,  respectively,  for  the  femoral 
head  of  an  86-year-old  female  cadaver. 
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Figure  64.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  5 1  -year-old  male  cadaver. 
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Figure  65.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  5 1  -year-old  male  cadaver. 
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Figure  66.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  5 1  -year-old  male  cadaver. 
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Figure  67.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  an  82-year-old  female  cadaver. 
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Figure  68.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  an  82-year-old  female  cadaver. 
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Figure  69.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  an  82-year-old  female  cadaver. 
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Figure  70.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  an  86-year-old  female  cadaver. 
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Figure  71.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  an  86-year-old  female  cadaver. 
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Figure  72.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  an  86-year-old  female  cadaver. 
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Figure  73.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  74.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  75.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  76.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  77.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  78.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  5 1  -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  79.  Comparison  of  absorbed  fi-actions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  80.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  81.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year- 
old  female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  82.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  83.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  84.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  85.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  86.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  87.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  88.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  89.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  90.  Comparison  of  absorbed  fractions  calculated  using  the  macrostructural 
transport  model  for  the  femoral  head  of  a  51 -year-old  male  cadaver,  an  82-year-old 
female  cadaver,  and  an  86-year-old  female  cadaver. 
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Figure  91.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  92.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  93.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  5 1  -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  94.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  95.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-oId 
female  cadaver. 
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Figure  96.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  97.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  98.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  5 1  -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  99.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral 
head  of  a  51 -year-old  male  cadaver,  an  82-year-old  female  cadaver,  and  an  86-year-old 
female  cadaver. 
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Figure  100.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  a  51-year-old  male  cadaver. 
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Figure  101.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  a  51-year-old  male  cadaver. 
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Figure  102.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  a  5 1  -year-old  male  cadaver. 
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Figure  103.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  an  82-year-old  female 
cadaver. 
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Figure  104.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  an  82-year-old  female 
cadaver. 
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Figure  105.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  an  82-year-old  female 
cadaver. 
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Figure  106.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  an  86-year-old  female 
cadaver. 
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Figure  107.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  an  86-year-old  female 
cadaver. 
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Figure  108.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  for  the  femoral  and  humeral  heads  of  an  86-year-old  female 
cadaver. 


CHAPTER  4 

MARROW  CELLULARITY  AND  ITS  IMPACT  ON  TRABECULAR  BONE 

DOSIMETRY 


Introduction 

In  radionuclide  therapies  for  the  treatment  of  neoplastic  disease,  risk  of  marrow 
toxicity  may  be  quantified  through  the  assessment  of  the  radiation  absorbed  dose  to 
sensitive  tissues  within  the  bone  marrow.  Computational  skeletal  dosimetry  models  are 
thus  utilized  in  clinical  applications  of  radionuclide  therapy  in  which  a  distinction 
between  active  (red)  and  inactive  (yellow)  marrow  is  needed  in  assigning  target  tissues 
for  radiation  transport  and  energy  deposition  tracking.  This  binary  classification  of  target 
tissue  is  in  stark  contrast  to  the  complex  microanatomy  of  real  marrow  tissues.  In  this 
study,  it  is  proposed  that  3D  tomographic  images  of  trabecular  bone  structure  be  used  to 
introduce  target  and  non-target  regions  which  explicitly  distinguish  active  from  inactive 
marrow  in  a  manner  related  to  their  clinical  and  histological  definitions. 

Histology  of  Marrow  Tissues 

Bone  marrow  is  a  connective  tissue  found  within  cancellous,  or  trabecular,  bone 
that  is  divided  into  irregular  interconnected  spaces  by  the  bone  trabeculae.  The  tissues  of 
bone  marrow  may  be  grouped  into  four  categories:  (1)  the  hematopoietic  cellular 
component  (granulocytic,  erythroid,  and  megakaryocytic  series),  (2)  bone  marrow  stromal 
cells  and  the  extracellular  matrix,  (3)  venous  sinuses  and  other  blood  vessels,  (4)  and 
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various  other  support  cells  (Gatter  and  Brown  1997;  Naeim  1998).  Separating  the 
osseous  tissues  of  the  bone  trabeculae  and  the  marrow  is  a  thin  layer  of  connective  tissue, 
the  endosteum,  populated  with  both  osteoblasts  and  osteoclasts.  The  former  are 
responsible  for  osteoid  deposition  and  bone  formation,  while  the  latter  are  involved  in 
bone  resorption  and  remodeling. 

The  hematopoietic  component  is  supported  by  a  microenvironment  of  randomly 
distributed  stromal  cells,  a  complex  extracellular  matrix  (ECM),  and  vascular  structures 
which  branch  unevenly  throughout  the  marrow  space.  Stromal  cells  include  adipocytes, 
fibroblast-like  reticulum  cells,  endothelial  cells,  and  the  osteoblasts  and  osteoclasts  of  the 
endosteum.  The  hematopoietic  cell  series  are  supported  within  marrow  chords  delineated 
by  the  fibroblast-like  stromal  cells  and  the  stromal  matrix.  The  ECM,  which  is  produced 
by  the  stromal  cells,  contains  various  substances  including  collagen,  fibronectin,  laminin, 
thrombospondin,  hemonectin,  and  proteoglycans.  In  addition  to  their  structural  role, 
these  substances  also  present  grovs4h  factors  to  the  hematopoietic  progenitor  cells 
(Mayani  et  al.  1992;  Lin  and  Bissell  1993;  Verfaillie  et  al.  1994;  Klein  et  al.  1995; 
Wineman  et  al.  1996).  The  vascular  structures  of  bone  marrow  are  dominated  by  thin- 
walled  venous  sinuses  (Weiss  1965;  De  Bruyn  1981;  Gulati  et  al.  1988).  These  sinuses 
receive  blood  from  both  the  nutrient  artery  and  the  periosteal  capillary  network  (Naeim 
1998).  The  former  reaches  the  bone  marrow  through  penetrations  of  the  cortex  of  cortical 
bone  for  the  bone  site,  while  the  latter  provides  articulation  between  the  marrow  sinuses 
and  the  Haversian  canals  of  the  adjacent  bone  cortex. 

Various  topographical  patterns  of  hematopoietic  cell  differentiation  are  found  to 
occur  within  the  marrow  space.    Precursor  cells  within  the  granulocytic  series,  for 


187 

example,  are  arranged  along  the  endosteal  surface  of  the  trabeculae  with  maturation 
occurring  towards  regions  central  to  the  marrow  cavities  (Westen  and  Bainton  1979; 
Naeim  et  al.  1990).  Higher  concentrations  of  hemonectin  have  been  found  along  the 
endosteal  regions  of  marrow  (Campbell  1992)  and  this  protein  is  particularly  adherent  to 
granulocytic  precursors  (Campbell  et  al.  1990;  Vogt  et  al.  1991;  Campbell  et  al.  1993). 
Erythroid  elements,  in  contrast,  are  organized  into  small  groups  (erythroblastic  islands) 
present  within  the  central  regions  of  the  marrow  extending  back  to  the  first  fat  space 
(adipocytes  adjacent  to  the  bone  trabeculae).  Mature  megakaryocytes  and  their  precursors 
are  found  uniformly  throughout  the  central  regions  of  the  marrow  space  and  are 
associated  with  the  venous  sinuses.  Their  presence  along  the  bone  trabeculae  is 
considered  abnormal. 

Other  cells,  which  support  the  function  and  health  of  the  marrow  tissues,  include 
lymphocytes,  plasma  cells,  mast  cells,  and  macrophages.  B-  and  T-  lymphocytes  are 
found  in  small  aggregates  throughout  the  marrow  space  and  increase  in  number  with  age. 
Plasma  cells  may  occur  individually  or  in  2-3  cell  clusters,  and  are  foimd  more  frequently 
in  layers  around  blood  vessels  within  the  marrow.  Mast  cells  are  distributed  throughout 
the  marrow  with  a  tendency  for  a  perivascular  and  paratrabecular  distribution. 
Macrophages  are  also  found  uniformly  throughout  the  marrow  space,  including  the 
lumenal  surfaces  of  the  venous  sinusoids. 

Marrow  Cellularity 

Clinical  and  pathological  assessment  of  bone  marrow  status  includes,  among  other 
assays,  an  assessment  of  the  bone  marrow  cellularity  defined  as  the  percentage  of  bone 
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marrow  volume  occupied  by  hematopoietic  cells  (Gatter  and  Brown  1997;  Naeim  1998). 
In  terms  of  the  microanatomy  of  marrow  tissues,  this  definition  would,  in  principle, 
exclude  the  volume  associated  with  the  marrow  stromal  cells  and  ECM,  the  blood  sinuses 
and  other  vessels,  and  the  marrow  support  cells  (categories  2-4  above).  The  majority  of 
these  cells  and  structures,  however,  are  of  smaller  or  comparable  size  and  spatial  location 
to  the  hematopoietic  cell  series,  thus  making  any  differentiation  of  their  occupied  marrow 
volume  difficult  to  achieve  in  the  clinical  setting.  Fortunately,  the  relative  number  and 
size  of  the  adipocytes  within  the  marrow  space  are  easily  distinguished  and  may  be  used 
to  provide  a  more  clinically  achievable  assessment  of  marrow  cellularity.  In  this  manner, 
marrow  cellularity  may  be  defined  as  the  fraction  of  marrow  space  not  occupied  by 
adipocytes: 

[Marrow  Cellularity)  -  1  -  (^Fat  Fraction) . 

Within  this  clinical  working  definition,  one  may  then  define  active  marrow,  as 
needed  in  skeletal  dosimetry  models,  as  the  portion  of  trabecular  marrow  space  not 
occupied  by  adipocytes.  Inactive  marrow  would  necessarily  be  that  fractional  volume 
occupied  only  by  the  fat  cells.  Note  that  in  this  definition,  radiation  absorbed  dose  to 
"active  marrow"  would  necessarily  represent  the  energy  per  unit  mass  averaged  across  not 
only  the  hematopoietic  stem  cells  (pleuripotent  hematopoietic  stem  cell,  myeloid  stem 
cell,  and  lymphoid  stem  cell),  but  across  their  various  hematopoietic  progeny,  the  stromal 
cells,  the  ECM,  and  the  support  cells  of  the  marrow  space.  The  adequacy  of  this 
definition  depends  upon  the  purpose  of  the  dose  esfimate.  For  short-term  effects,  the 
above  definition  may  be  considered  appropriate  in  that  many  of  the  cells  in  marrow 
components  2-4  directly  support  hematopoiesis.    For  example,  reticulum  cells  induce 


189 

proliferation  of  myeloid  and  B-lymphoid  progenitor  cells  (Moreau  et  al.  1993),  while 
endothelial  cells  play  a  role  in  regulating  the  trafficking  and  homing  of  the  hematopoietic 
cells  as  they  reach  maturity  and  are  released  into  circulation  (Rafii  et  al.  1994;  Abboud 
1995).  If,  however,  one  is  interested  in  long-term  risks  of  marrow  irradiation,  then  a 
direct  dose  assessment  to  only  the  stem  cells  of  marrow  component  1  is  desired. 
Unfortunately,  the  explicit  location  of  the  stem  cells  within  the  irregular  network  of  the 
trabecular  marrow  spaces  remains  highly  uncertain,  and  one  must  again  resort  to  an 
assessment  of  the  average  dose  across  all  active  marrow  tissues.  In  either  case,  an 
explicit  segmentation  of  the  adipocytes  within  the  marrow  provides  a  more  histologically 
correct  and  achievable  geometry  for  active  marrow  dose  assessment.  In  addition,  a 
dosimetric  model,  which  makes  this  distinction  among  active  and  inactive  marrow,  can 
utilize  patient-specific  information  on  marrow  cellularity  derived  either  invasively 
through  marrow  biopsies  or  non-invasively  through  MR  imaging  (Ballon  et  al.  1991; 
Ballon  et  al.  1996;  Ballon  et  al.  1998).  Damage  to  marrow  tissues,  as  in  previous 
treatments  of  chemotherapy,  may  alter  marrow  cellularity  within  the  skeletal  regions  of 
the  patient.  The  presence  of  marrow  cellularity  as  an  independent  model  parameter  thus 
permits  improved  patient-specificity  in  the  resulting  dose  estimates,  potentially  achieving 
greater  accuracy  in  anticipating  marrow  toxicity  in  radionuclide  therapies. 

Previous  Methods  of  Including  Marrow  Cellularity  in  Skeletal  Dosimetry  Models 

The  majority  of  skeletal  dosimetry  models  currently  utilized  in  clinical  medicine  are 
fundamentally  based  upon  the  seminal  work  of  F.W.  Spiers  and  his  students  at  the 
University  of  Leeds  some  30  years  ago.    In  these  studies,  optical  scanning  of  high- 
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resolution  radiographs  of  trabecular  bone  slices  were  imaged  giving  rise  to  chord-length 
distributions  across  both  marrow  cavities  and  bone  trabeculae.  Dosimetry  models 
subsequently  developed  utilizing  these  chord  distributions  made  radiation  dose 
assessments  averaged  across  the  entire  marrow  space.  Explicit  consideration  of  active 
and  inactive  cellular  components  of  the  marrow  were  not  included  within  the  transport 
models  when  one  considers  the  method  by  which  they  were  measured  and  assembled  (i.e., 
radiographs  showing  only  bone  trabeculae  and  marrow  spaces).  Nevertheless,  estimates 
of  total  active  marrow  mass  were  included  in  the  final  reporting  of  dose  conversion 
factors  (dose  per  unit  activity  concentration  in  the  bone  matrix)  by  the  Leeds'  group.  A 
reference  value  of  1500  g  of  active  marrow  (3000  g  of  total  marrow)  within  Reference 
Man  was  utilized  as  taken  from  ICRP  Publication  23.  The  Spiers  data  were  subsequently 
used  by  W.S.  Snyder  in  the  development  of  radionuclide  S  values  within  MIRD  Pamphlet 
No.  11. 

In  its  Publication  30,  the  International  Commission  on  Radiological  Protection 
utilized  single-valued  approximations  of  absorbed  fractions  from  the  data  of  Spiers. 
Explicit  consideration  of  inactive  and  active  marrow  was  again  only  made  through  the 
assignment  of  a  total  active  marrow  mass  within  the  full  skeleton.  No  differentiation  of 
active  and  inactive  marrow  within  individual  skeletal  sites  was  considered.  The  skeletal 
dosimetry  model  of  M1RD0SE2  utilizes  the  ICRP  30  model  for  bone  tissue  dosimetry. 

Recently,  Eckerman  and  Stabin  (2000)  and  Bouchet  et  al.  (2000)  presented  more 
refined  models  of  radiation  absorbed  dose  to  skeletal  tissues.  Both  these  models  are 
chord-based  models  of  radiation  transport  and  both  utilize  the  original  marrow  and 
trabeculae  chord  distributions  measured  by  Spiers  and  his  students.    As  such,  these 
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models  cannot  explicitly  consider  the  influence  of  energy  lost  to  adipocytes  as  an  electron 
traverses  a  given  marrow  cavity.  For  example,  consider  the  assignment  of  an  absorbed 
fraction  to  the  trabecular  active  marrow  (TAM)  for  an  electron  source  located  within  the 
active  marrow  tissues  of  bone  site  j : 
(1)^  {TAM  <-  TAM) . 

Since  both  the  Eckerman  and  Stabin  model  and  the  Bouchet  et  al.  model  utilize  the  Spiers 
chord  length  distributions,  the  exact  spatial  location  of  the  active  tissues  of  the  marrow 
cannot  be  considered.  Consequently,  the  Monte  Carlo  simulations  of  electron  transport 
yield  only  an  estimate  of  the  absorbed  fraction  to  the  trabecular  marrow  space  (TMS)  for 
a  radiation  source  emitted  within  the  trabecular  marrow  space  (TMS): 
{TMS  <-  TMS) . 

As  such,  both  models  are  forced  to  make  approximations  to  assess  the  self-absorbed 
fraction  to  only  the  active  marrow  regions  of  the  skeletal  site.  In  the  Eckerman  and 
Stabin  model,  a  uniform  scaling  of  the  TMS  self-absorbed  fraction  is  made  across  all 
electron  energies.  In  their  model,  the  marrow  cellularity  factor  (CF)  (fraction  of  marrow 
space  occupied  by  active  marrow)  is  taken  as  the  appropriate  weighting  factor.  In  the 
Bouchet  et  al.  model,  no  weighting  factor  is  applied.  Consequently,  these  authors  make 
the  following  assignments  at  all  electron  energies: 

{TAM  <-  TAM)  =  CFj  •  </>^  {TMS  <-  TMS)  [Eckerman  and  Stabin  Model  (2000)] 
{TAM  <-  TAM)  =     {TMS  <-  TMS)  [Bouchet  et  al.  Model  (2000)] 

At  very  low  electron  energies,  the  Bouchet  et  al.  model  correctly  approaches  the 
limiting  value  of  unity  as  the  electron  source  energy  is  totally  deposited  within  the  target 
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region.  In  this  case,  no  scaling  of  the  TMS  absorbed  fraction  is  warranted.  At  high 
electron  energies,  however,  electrons  traverse  one  or  more  marrow  cavities,  and  the 
fraction  of  electron  energy  lost  to  the  active  marrow  tissues  is  more  closely  approximated 
by  the  fraction  of  tissue  that  is  active  within  those  cavities.  Consequently,  a  uniform 
scaling  of  the  TMS  self-absorbed  fraction  is  appropriate  at  high  electron  energies  as  is 
done  in  the  Eckerman  and  Stabin  model.  At  intermediate  energies  (as  yet  to  be 
determined),  both  models  would  appear  to  be  incorrect  as  the  Bouchet  et  al.  model  would 
overestimate  the  self-dose  to  active  marrow,  and  the  Eckerman  and  Stabin  model  would 
underestimate  that  same  dose.  In  both  models,  however,  energy  lost  to  the  bone 
trabeculae  would  be  accounted  for  and  would  be  reflected  in  the  energy-dependent  profile 
of  the  absorbed  fraction  at  all  values  of  cellularity.  Again,  a  dosimetry  model  which 
explicitly  includes  active  and  inactive  marrow  regions  during  particle  transport  would,  in 
theory,  give  a  correct  profile  of  the  absorbed  fraction  energy  dependence  without  the  need 
for  scaling  factors  or  other  approximations.  The  goal  of  the  present  study  is  to  create 
such  a  model  using  3D  images  acquired  via  NMR  microscopy. 

Materials  and  Methods 
University  of  Florida  Methodology  of  NMR  Microscopy 

The  human  femoral  and  humeral  head  images  used  in  this  work  were  obtained 
using  a  Bruker  20-cm  wide  bore  Avance  Imaging  Spectrometer,  operating  at  a  200-MHz 
proton  resonance  (4.7  T  magnetic  field  strength).  A  35  mm  diameter  quadrature  birdcage 
coil  of  length  45  mm  was  used  in  order  to  obtain  the  best  signal  to  noise  ratio  (SNR).  For 
all  imaging  sessions,  a  conventional  3D  spin-echo  pulse  sequence  was  used  to  obtain 
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fully  three-dimensional  images  of  the  samples  with  voxel  spatial  resolutions  of 
88  X  88  X  88  |im^.  The  humeral  head  samples  were  imaged  with  the  marrow  intact, 
whereas  the  marrow  was  digested  and  replaced  with  Gd-doped  water  for  the  femoral  head 
samples.  Central  regions  of  interest  (ROl)  were  chosen  from  the  binary  images 
representing  bone  spicules  and  marrow  spaces  that  were  produced  using  the  image 
acquisition  and  image  processing  steps  described  in  detail  in  Chapter  2. 

Pre-Processing  Code  for  Introducing  Marrow  Cellularity 

This  work  requires  the  accurate  simulation  of  electron  transport  in  active  and 
inactive  marrow,  endosteal,  and  bone  voxels.  The  transport  code  Electron  Gamma 
Shower  Version  4  (EGS4)  along  with  the  PRESTA  algorithm  is  used  to  accomplish  this 
task.  Since  the  goal  of  this  work  is  to  directly  measure  the  absorbed  fraction  to  active 
marrow  from  sources  located  in  the  trabecular  active  marrow  (TAM),  the  trabecular  bone 
volume  (TBV),  and  the  trabecular  bone  endosteum  (TBE),  adipose  tissue,  representing 
inactive  marrow,  is  artificially  introduced  into  the  images  in  three-voxel  groups.  The 
user-written  C-program,  given  in  Appendix  M,  randomly  selects  a  marrow  voxel  located 
inside  the  image  and  reclassifies  it  to  an  adipose  voxel.  Two  neighboring  marrow  voxels 
(adjacent  to  one  of  the  six  faces  of  the  voxel)  are  then  chosen  and  converted  to  adipose 
voxels  as  well.  This  entire  process  is  repeated  until  the  desired  cellularity  factor  is 
obtained.  Three  voxel  groups  are  used  based  upon  current  investigations  of  histology 
slides  at  the  University  of  Florida,  which  suggest  that  three  voxel  combinations  roughly 
approximate  the  clumping  patterns  of  real  adipose  cells  within  the  marrow  space. 
Figure  109  shows  a  2D  slice  extracted  from  a  3D  NMR  image  representing  10%,  50%, 
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80%,  and  100%  marrow  cellularity.  For  the  femoral  and  humeral  heads,  a  reference 
cellularity  factor  of  0.25  (25%  active  marrow  and  75%  adipose  tissue)  is  given  in  Table  3 
of  Eckerman  and  Stabin  (2000).  The  present  work  investigates  cellularity  factors  ranging 
from  0.10  to  1.00  (fat  fractions  ranging  from  0.90  to  0.0,  respectively).  The  atomic 
composition  of  osseous  tissue  is  taken  from  that  given  in  ICRU  Publication  46  for 
cortical  bone  (ICRU  1992).  Similarly,  the  atomic  compositions  of  active  and  inactive 
marrow  are  taken  from  that  given  in  ICRU  Publication  46  for  red  marrow  and  yellow 
marrow,  respectively. 

The  central  ROI  taken  from  each  3D  NMR  image  is  coupled  to  the  EGS4  voxel 
array  transport  code  utilizing  both  the  infinite  trabecular  transport  and  the  macrostructural 
transport  models  to  calculate  absorbed  fractions.  For  each  sample,  identical  copies  of  the 
ROI  are  aligned  next  to  one  another  in  all  three  dimensions  allowing  particles  to  be 
reintroduced  back  into  the  ROI  with  the  same  direction  as  when  the  particles  left.  This 
process  effectively  creates  an  infinite  region  of  trabecular  bone,  thus  not  allowing  any 
energy  to  escape  the  region.  For  the  macrostructural  model,  the  additional  macroscopic 
dimensions  of  the  bone  site  of  interest  are  added  to  the  transport  geometry,  thus  limiting 
the  transport  within  the  trabecular  bone  region  to  that  found  in  the  real  skeletal  site  of  the 
subject.  A  complete  description  of  the  infinite  trabecular  region  transport  model  is 
presented  in  Chapter  2,  and  Chapter  3  fully  describes  the  macrostructural  transport  model 
along  with  all  macroscopic  dimensions  used  in  this  work. 

In  this  study,  three  sources  and  six  targets  are  considered  for  electron  transport  in 
trabecular  bone.  The  source  regions  include  the  trabecular  bone  volume  (TBV),  the 
trabecular  active  marrow  (TAM),  and  the  trabecular  bone  endosteum  (TBE).  The  targets 
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include  the  three  source  regions  plus  a  cortical  shell,  the  trabecular  inactive  marrow 
(TIM)  and  the  soft  tissue  outside  the  trabecular  bone  site.  For  bone  and  marrow  source 
regions,  10  sets  of  1000  monoenergetic  electrons  of  initial  energies  between  10  keV  and 
4  MeV  are  transported,  whereas  1 0  sets  of  2000  monoenergetic  electrons  of  initial 
energies  between  10  keV  and  4  MeV  are  transported  for  the  endosteum  source  region. 
The  number  of  particles  selected  ensures  that  errors  on  the  reported  absorbed  fractions  are 
less  than  1.0%. 

Results  and  Discussion 

Figures  110  and  111  show  the  absorbed  fractions  calculated  using  the 
macrostructural  transport  model  for  the  self-irradiation  of  the  TAM  for  selected  marrow 
cellularities  within  the  femoral  and  humeral  heads  of  the  51 -year-old  male  cadaver, 
respectively.  The  absorbed  fraction  values  shown  in  Figure  1 1 0  are  the  average  values  of 
the  absorbed  fractions  from  the  two  cubes  sectioned  from  the  femoral  head  of  the  male 
cadaver.  Less  than  4%  variation  of  absorbed  fractions  exists  between  the  absorbed 
fractions  calculated  from  the  two  bone  cubes  for  electron  energies  ranging  from  1 0  keV  to 
4  MeV.  In  Figure  110,  the  absorbed  fraction  for  a  sample  with  50%  marrow  cellularity  is 
over  15%  lower  at  50  keV  than  the  sample  that  has  100%  marrow  cellularity. 
Furthermore,  this  difference  increases  to  more  than  30%  at  200  keV.  Finally  at  high 
electron  energies,  the  difference  between  these  absorbed  fractions  reduces  to  20%  as 
more  energy  escapes  the  bone  site.  Absorbed  fractions  for  the  remaining  marrow 
cellularities  follow  a  similar  pattern,  just  at  different  degrees  of  magnitude,  with  the 
samples  of  10%  and  100%  marrow  cellularities  having  the  largest  difference  in  absorbed 
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fractions.  For  bone  sites  with  a  larger  marrow  volume  fraction,  such  as  the  humeral  head, 
cellularity  plays  a  larger  role  in  the  absorbed  fraction  calculations.  This  is  evident  in 
Figure  111,  where  the  absorbed  fraction  of  the  sample  of  50%  marrow  cellularity  is  nearly 
20%  lower  than  the  sample  of  100%  cellularity  at  50  keV.  At  200  keV  the  difference  is 
40%).  Again,  at  higher  energies  the  difference  in  absorbed  fractions  of  these  two  samples 
decreases  as  electron  energy  escapes  the  trabecular  bone  region. 

Figures  112-115  show  similar  differences  for  both  the  82-year-old  and  the  86- 
year-old  female  cadavers.  Figure  112  shows  that  the  TAM  self-irradiation  absorbed 
fraction  for  a  femoral  head  sample  of  50%o  marrow  cellularity  is  30%  lower  at  200  keV 
than  the  TAM  self-irradiation  absorbed  fraction  for  a  femoral  head  sample  of  100% 
marrow  cellularity.  Figure  114  shows  this  difference  to  be  nearly  40%  at  200  keV.  For 
the  humeral  head  samples  of  the  two  female  cadavers,  Figures  113  and  115  show  the 
differences  at  200  keV  to  be  40%  and  45%,  respectively.  Above  200  keV,  the  differences 
in  absorbed  fractions  between  the  samples  of  50%  and  100%  marrow  cellularity,  also, 
decrease  in  Figures  1 12-1 15,  as  the  initial  electron  energy  increases. 

For  the  20  keV  to  500  keV  energy  range  in  Figures  110-115,  the  rate  of  change  of 
the  absorbed  fractions  varies  greatly  depending  on  the  marrow  cellularity  and  on  the 
marrow  volume  fraction  of  the  sample.  Consequently,  the  approach  of  scaling  the  TMS 
absorbed  fractions  by  a  "reference"  cellularity  factor  as  used  in  the  Eckerman  and  Stabin 
model  in  order  to  produce  TAM  absorbed  fractions  does  not  represent  the  true  energy 
profile  of  the  TAM  absorbed  fraction  over  this  energy  range.  Furthermore,  the 
assumption  that  the  TAM  absorbed  fractions  equal  the  TMS  absorbed  fractions  made  in 
the  Bouchet  et  al.  model  completely  ignores  the  fact  that  energy  is  lost  to  fat  cells  in  this 
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energy  range  and  for  higher  energy  electrons.  Figures  116-121  illustrate  the  degree  of 
error  associated  with  each  of  these  models,  by  comparing  absorbed  fractions  for  TAM 
source  and  targets  as  calculated  utilizing  their  model  methodology  against  those 
calculated  through  direct  radiation  transport  for  the  femoral  and  humeral  heads  images.  In 
these  comparisons,  the  radiation  transport  results  utilize  the  "reference"  cellularity, 
respectively,  of  the  three  cadavers  for  both  bone  sites.  For  both  the  femoral  and  humeral 
heads,  the  "reference"  cellularity  factor  is  0.25  (ICRP  1995).  Therefore,  the  TMS  self- 
absorbed  fractions  calculated  in  this  work  for  the  femoral  and  humeral  heads  were  scaled 
by  this  amount  in  order  to  produce  TAM  absorbed  fractions  to  represent  the  model  of 
Eckerman  and  Stabin.  Furthermore,  since  both  the  model  of  Eckerman  and  Stabin  and 
the  model  of  Bouchet  et  al.  are  chord  length  based  models,  the  TMS  self-absorbed 
fractions  shown  in  Figures  116-121  are  not  absorbed  fractions  calculated  by  their  specific 
computational  models,  but  rather  are  absorbed  fractions  calculated  using  the  infinite 
trabecular  region  transport  model  (scaled  or  not  scaled,  by  the  marrow  cellularity 
depending  on  the  assumptions  made  in  each  model).  There  are  several  reasons  for  using 
this  approach.  First,  Eckerman  and  Stabin  do  not  report  TAM  absorbed  fractions  for  just 
the  femoral  and  humeral  head  bone  sites.  In  addition,  this  work  addresses  the  validity  of 
the  methods  of  determining  TAM  absorbed  fractions  from  TMS  absorbed  fractions 
obtained  using  chord-based  models  and  the  validity  of  full  energy  deposition  within  the 
trabecular  region  used  by  both  the  Eckerman  and  Stabin  model  and  that  of  Bouchet  et  al. 
This  requires  a  comparison  of  absorbed  fractions  calculated  from  the  same  trabecular 
region. 
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Figures  116-121  show  that  the  method  used  by  Eckerman  and  Stabin  to  produce 
TAM  absorbed  fractions  greatly  underestimates  the  TAM  absorbed  fractions  for  all 
electron  energies  below  200  keV.  In  fact  at  10  keV,  their  method  underestimates  TAM 
absorbed  fractions  by  as  much  as  75%.  At  electron  energies  above  200  keV,  however, 
their  method  produces  results  which  differ  by  less  than  5%  from  the  absorbed  fractions 
calculated  in  this  work.  In  addition,  at  4  MeV  their  method  begins  to  overestimate  the 
TAM  self-absorbed  fractions  by  as  much  as  1 0%  due  to  the  fact  that  their  method  requires 
ftill  energy  deposition  within  the  trabecular  region. 

The  method  of  Bouchet  et  al.  only  agrees  with  the  absorbed  fractions  calculated 
by  direct  transport  within  the  25%  marrow  cellularity  images  at  extremely  low  electron 
energies.  In  fact,  for  energies  above  20  keV,  his  method  overestimates  the  absorbed 
fractions  by  10%  at  low  electron  energies  and  as  much  as  80%  at  4  MeV.  Figures  1 16- 
121  show  that  neither  method  used  to  calculated  TAM  absorbed  fractions  from  TMS 
absorbed  fractions  is  accurate.  Tables  12-20  give  the  absorbed  fractions  of  the  femoral 
and  humeral  heads  of  the  three  cadavers  calculated  using  the  macrostructural  transport 
model  for  all  source-target  combinations  for  marrow  cellularities  ranging  from  10-100%. 
It  is  important  to  note  that  due  to  the  uniform  nature  of  introducing  the  adipocytes  into  the 
images,  the  absorbed  fractions  to  the  TBV  and  TEE  targets  are  not  marrow  cellularity 
dependent.  Tables  21-23  give  the  absorbed  fractions  to  the  TBV  and  TBE  target  regions. 
In  all  tables,  the  values  presented  for  the  femoral  heads  are  the  average  values  obtained 
from  the  two  bone  cubes  used  to  calculate  the  absorbed  fractions. 
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Conclusions 

This  work  presents  a  method  of  artificially  introducing  adipocytes  into  3D 
segmented  NMR  images  of  trabecular  bone.  Absorbed  fractions  are  calculated  for  3D 
NMR  images  with  10-100%  marrow  cellularity  for  active  marrow,  bone  trabeculae,  and 
endosteum  electron  sources,  thus  giving  reference  absorbed  fractions  for  more  patient- 
specific  marrow  cellularity  values.  A  comparison  is  made  between  the  previous  methods 
used  to  calculated  active  marrow  self-absorbed  fractions  and  the  method  of  this  study  in 
which  direct  transport  within  3D  NMR  images  using  "reference"  marrow  cellularity 
values  is  performed  within  both  femoral  and  humeral  head  bone  samples.  Results  show 
that  current  methods  do  not  properly  predict  energy  deposition  to  the  active  marrow  even 
if  the  "reference"  marrow  cellularity  sufficiently  approximates  the  marrow  cellularity  of 
the  patient  in  which  the  dose  estimate  is  sought.  In  fact,  the  previous  method  of  Bouchet 
et  al.  overestimates  the  absorbed  fractions  by  as  much  as  80%  at  high  energies.  In 
addition,  the  method  of  Eckerman  and  Stabin  underestimates  the  absorbed  fractions  of 
these  two  bone  sites  by  75%  at  10  keV.  Furthermore,  the  study  emphasizes  the  utility  of 
the  present  model  in  which  marrow  cellularity  is  considered,  not  as  a  fixed  reference 
value,  but  as  an  independent  model  parameter.  Further  improvements  can  still  be  made  in 
which  histological  evaluations  of  bone  marrow  are  viewed  with  respect  to  the  spatial 
arrangement  of  the  adipocytes  within  the  marrow  cavities.  Such  investigations  are 
presently  underway  at  the  University  of  Florida. 


200 


00  <u  s 

•S  £  < 

c 

o 


3 


i  i  i 


O 


>  o 


3 

2  S 
r 

.5  ffS 

■4-'  >~> 

1)  Co 

O  -C 

c  _ 

o 

c  o 

c  ^ 


o 

<u 

1/3 

<u 

3 
o 

D 

c 
o 

X 


o  o 


o 

c/3 


o  p 
.2  I 

03  cj 


X  -Jh 

1/3  ™ 

<  M 

3 

•  o 

^  X 

(u  2 


x: 
o 

(U  c/3 

Co  >-( 
1  ^ 

I? 

>  ^ 

T3  O 
=^  "IS 

^  s 

s  ^ 

O  5 


ca 

^  c/3 


T3  T3 

O  o 

c/3  C/3 

_3  3 

ctJ  3 

>  > 


X  2 
—  s 

« 

s 

s 
53 


U 


o 
fa. 


o 
e 


O 
00 


o 


o 

so 


o 
in 


o 


o 


■o  ^ 
«  ■- 

_  3 


o 

s 


U 
o 


o 

00 


o 

f- 


o 


o 


o 


IB; 


o 
o 

o 

OS 

Ov 
On 

00 

C3N 

NO 
<> 

in 
On 

NO 

oo 

oo 

NO 

in 

fN 

fN 

o 

O 

d 

CD 

d 

d 

d 

d 

d 

o 

d 

d 

o 
o 

ON 
ON 

On 
On 

00 

<^ 

NO 
ON 

in 
On 

NO 
00 

r  ■ 

oo 

NO 

fN 

fN 

o 

O 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 
o 

ON 
CJN 

00 

On 

NO 

On 

On 

ON 

On 
NO 

NO 

o 

in 

o 

C> 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

ON 
ON 

OO 

O; 

On 

00 

tN 
vO 

NO 

in 

in 

o 

On 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

Ov 

ON 

Ov 

<7v 

ON 
00 

00 

NO 

in 

00 

in 

CN 

in 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

oo 

On 

NO 

On 

NO 

oo 

00 

in 

NO 

00 

m 

NO 

in 

ON 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

00 

On 

NO 

Ov 

o 

00 

o 

in 

oo 

ON 

fN 

oo 

fN 

fN 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

On 

in 
Ov 

oo 

00 

00 

o 
m 

in 

CvJ 

CN 

fN 
fN 

fN 

00 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

On 

ON 

oo 

On 

o 
t — 

in 

(N 
(N 

NO 

m 

■si- 

fN 

CD 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

r- 

ON 

m 

On 

IT) 
00 

NO 

in 
VO 

NO 

ON 

o 

oo 
o 

00 

o 

o 

NO 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

ON 

On 

00 

On 

On 

NO 

On 

00 
00 

in 

in 

o 

in 

oo 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

ON 

On 

ON 

Ov 

C3N 

On 

m 

On 

00 

NO 
vO 

in 

m 

NO 

O 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

ON 

On 

OO 

On 

»n 
<^ 

On 

C3N 
00 

in 

ON 

in 

NO 

<N 

o 

00 
f^ 

CN 

O 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

Qy 
On 

00 

ON 

On 

O 

On 

NO 
00 

oo 

in 

o 

m 

m 

00 
fN 

d 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

oo 

(3N 

ON 

On 

00 
OO 

m 

00 

VO 

NO 

in 

o 

On 
fN 

fN 

O 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

00 

On 

NO 
ON 

On 

in 

00 

ON 

>n 

ON 

ON 

fN 

m 
fN 

fN 

o 

fN 

O 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

00 

ON 

ON 

ON 
00 

00 

NO 

(N 

r-i 

(N 

fN 

o 

fN 

ON 

NO 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

r- 

ON 

ON 

00 

o 

00 

o 

in 
(N 

oo 

NO 

in 

in 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

ON 

■si- 

On 

NO 

OO 

00 
NO 

— 

o 

o 

00 

o 

o 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

ON 

m 

ON 

00 

NO 

in 

o 

vO 
p 

in 
O 

in 
O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

IT, 

o 

o 
o 

o 
p 

o 
p 

o 
in 
o 

o 
o 

o 
o 

o 
o 

m 

o 
o 
p 

o 
o 
in 

o 
o 
p 

o 
o 
p 

o 

o 

d 

d 

d 

d 

d 

d 

d 

201 


1>     75  C/l 

j3    1)  <U 

■!->    3  3 

M  13  13 

c   >  > 

^  = 

^  ^ 

>  S  ^ 

^  o 

i  ^  ^ 

"o 

> 

u 
c 
o 


j2 

3 
o 

kl 


T3 


13 
S 


a 

o 

c 
_o 

D 

1/3 
1/2 

3 

o 

c 
o 


IT)  ^ 
03  ^ 


U  X! 


t:  c 

6 

<u 


CO  O 

U  ki 

U  3 

W)  5 

^  2 

3  V< 

aj  o 


o 


3  < 

q  H 


o 

P3 

<4-l 

T3 

-s 

O 

< 


X)  X 


o 

I  o 

3 

x: 

g  3 

03  3 

^  a> 

03  1) 

^  OS 

(U  ^ 

^  .s 

13  -O 

•d  d 

o  o 


_  3 


o 

ON 


o 

00 


o 


o 

IT/ 


B  — 
_  3 


O 


U 

o 
u 
u 


00 


o 


o 


o 

IT) 


o 


o 


o 


o 
o 

o 
o 

o 
q 

q 

t  N 

o 

q 

00 

■<^-. 

NO 
NO 

oo 

NO 

q 

NO 

q 

NO 

in 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 
o 

o 
o 

q 

o 

\  A 

P 

00 

On 

NO 

q 

ON 

>n 

in 

o 

o 

o 

o 

o 

o 

o 

o 

o 
o 

o 
q 

o 

o 

q 

p 

00 

IT) 

in 

m 
<n 

in 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 
o 

q 

q 

o 

q 

p 

[ — 

OO 

oo 

NO 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 
o 

o 
q 

^5 
o 

o 

q 

p 

CO 

(N 

o 

o 

o 

o 

o 

o 

o 

o 

o 

<o 

o 

q 

^ 

o 

^ 

o 

q 

p 

— ; 

(N 

00 

o 

o 

o 

o 

o 

o 

^5 

^ 

o 

q 

^ 

o 

o 

q 

p 

On 

q 

On 

00 
<N 

r~ 

(N 

(N 

o 

o 

o 

o 

o 

O 

o 

O 

O 

o 
o 

q 

o 

o 

q 

P 

P 

<N 

<N 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

q 

q 

o 

o 

p 

P 

<N 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

p 

p 

p 

p 

p 

p 

p 

p 

NO 

q 

o 

o 

o 

o 

o 

o 

O 

o 

^ 

o 

^ 

o 

^ 

o 

^ 

o 

p 

p 

00 
(N 

NO 

o 

o 

o 

o 

o 

o 

^ 

o 

^ 

o 

^ 

o 

o 

p 

p 

o 

(N 

o 

o 

o 

o 

o 

O 

o 

O 

O 

o 

o 

o 

o 

p 

p 

p 

t:^ 
<N 

00 

ON 

On 
ro 

(N 

o 

o 

o 

o 

o 

O 

o 

O 

O 

O 

O 

o 

o 

q 

o 

o 

p 

q 

oo 
q 

<N 

ro 

rn 

00 

o 

o 

o 

o 

o 

o 

o 

O 

O 

o 

O 

o 

o 

o 

o 

o 

^ 

o 

p 

q 

q 

00 

On 
<N 

ON 

<N 

On 
(N 

oo 

CN 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

O 

O 

o 

o 

o 

o 

p 

q 

NO 

q 

t:j- 
<N 

(N 

<N 

<N 

o 

o 

o 

o 

o 

o 

o 

o 

O 

O 

O 

O 

O 

o 

q 

q 

q 

q 

q 

q 

vJN 

OS 
UN 

Ni,^ 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 
o 

o 
q 

o 
q 

q 

o 
q 

q 

q 

q 

CNJ 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 
o 

o 
q 

o 
q 

o 
q 

o 
q 

o 
q 

q 

NO 

q 

ON 

q 

o 

o 

ON 

q 

oo 
q 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
q 

o 
o 

o 

q 

in 
q 

in 
O 

in 
O 

>n 
o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 

o 
o 

IT) 

q 

o 
q 

o 
q 

o 
q 

o 
in 
q 

o 
o 

o 
o 
»s 

o 
o 
l/J 

o 
o 
q 

o 
o 

o 
o 
q 

o 
o 
o 

o 

o 

o 

o 

o 

o 

o 

o 

202 


60  o 

s  I 

C  °^ 
(U  o 

c  ■ 

o  o 


3 

j=i  9 


13  c3 

C  j:: 

o  „ 
is 

.a  ^ 

DC  C 
C3 


O 

o 

T3 

OJ 

c 

u 

on 
<U 
-O 
3 
o 

tD 
C 
O 
-D 

,  ; 

C  1) 

U  O 


O 

-4— t 

£ 
o 


o 
c 

03 


C3 

3 

-t-» 
O 
3 


c 

<u 
o 
c 
o 

£ 
.2 


0) 


03  t< 
1  ^ 

C/^  • 

3 


> 

03  T3 


i-i  ^ 

t+i  <! 

o  H 

•2  5 

03  S 

03  £ 


■4— * 

03 


T3  3 


03 
O 

£ 


(J 

03 


03 
O 

D 

03 
■*-> 

on 

IS 
c 


3 

—  -D 

(U  Ui 

^1 


O 


o 


H  Si 

_3  _3 

13  13 

>  > 


u 

E 
s 


o 


U 

o 
u 
u 


_  3 


U 

o 
u 


o 


00 


o 


o 


o 

IT, 


o 


O 


o 


o 

00 


o 


o 


o 

in 


o 


o 


«  •Si 
td  ^ 


o 
o 

p 

in 

m 

OS 
in 

OS 

o 

oo 

so 

SO 
SO 

in 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

o 

m 

m 
m 

in 

so 

(N 
SO 

o 

so 

fN 

in 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

in 
p 

(N 

o 

00 

00 

so 
in 

so 
in 

in 
in 

m 
in 

so 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

p 

(N 

o 

m 

rn 

in 

OS 

OS 

oo 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

O 

, — , 

00 

(N 

rn 

m 

(N 

o 

in 
m 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
p 

00 
(N 

o 

00 

so 

in 
m 

in 
m 

OS 
fN 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

m 
p 

00 

<N 

O 

OS 
(N 

00 

(N 

oo 

rsi 

(N 

fN 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

in 
p 

(N 

OS 

(N 

o 

(N 

(N 

(N 

o 

fN 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

in 
p 

o 

00 

in 

fN 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

m 
p 

o 

<N 

in 
<N 

in 

OS 

o 

00 

p 

p 

p 

o 

so 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
o 

o 

m 

o 

o 
in 

OS 

00 

so 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
p 

r- 

so 

in 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

m 
o 

m 

o 

m 

m 
m 

oo 

o 

OS 

00 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

m 
o 

— 

m 

OS 
(N 

<N 

in 

in 
r-i 

Os 
fN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

m 
o 

00 

(N 

OS 
(N 

m 

O 

m 

O 

oo 

fN 

in 
fN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
p 

— 

<N 

oo 

m 
fN 

so 

in 
(N 

in 

(N 

o 

fN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
o 

OS 

m 

(N 

o 

o 

(N 

OS 

so 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
O 

(N 
fN 

oo 

o 

(N 

so 

m 

in 

fN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
p 

o 

in 
(N 

r- 

fN 

o 

o 

o 

oo 
p 

o 

O 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 
o 

in 
o 

o 

in 

o 

so 

o 

in 
O 

in 
O 

in 
o 

p 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

IT) 
o 

o 
p 

o 
o 

o 

O 

o 

IT) 
p 

o 
o 

o 
o 
rj 

o 
o 
trt 

o 
o 
p 

o 
o 

IT) 

o 
o 
p 

o 
o 
o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

203 


•S  £  < 

ca  *^  *^ 

^  <u  ^ 

<  o 

^  t  s 

p  ca  5 

"  8  c 

2  o 


^  2 

I  a 


2 
"o 

ca 


XI 


o 

1/1 

(U 

o 

C 
O 


C  0) 

aj  o 


o 

Co., 


o 

c/2 


G  ca 

o  <u 

ti  ^ 

O  — 1 

lu  ca 

<U  1) 

o  g 

l-H  73 

— , 

o  ca 
c 
o 

S 


s 

o 


ca 

l-c 

ca  i-i 
3  ^ 


3 


o  — 


> 

ca  T3 

a^  ,2^ 

-  s 


CO 

C 

O 

o 
ca 

<+-! 

u 


2  I 


o 
ca 


C/3 


«  ,0 


o  o 

cyi  ca 

<  s 

"3 
•  o 

in  lU 

il 


w  aj 

O  o 

aj  a> 

_3  3 

ca  la 

>  > 


53  JS 

_  3 

I  'i 

u 


O 

o 


o 

OS 


o 

00 


o 


o 


o 


O 


o 


o 


o 
B 


U 

o 
u 


o 

OS 


o 


o 


o 


o 


o 


o 


0 
0 

0 
q 

0 

q 

0 
q 

0 
q 

OS 
OS 

00 

OS 

Os 

Os 

00 
00 

00 

00 

0 

CD 

d 

d 

d 

d 

0 

0 

CO 

0 
q 

OS 
OS 

00 

OS 

OS 

so 

OS 

Os 

00 

00 

Os 

in 

r- 

0 

0 

0 

0 

d 

d 

d 

d 

0 

0 

0 
0 

OS 
OS 

OS 
OS 

Os 

O; 

OS 

00 

Os 

in 

so 

so 

0 

0 

0 

0 

0 

d 

d 

0 

0 

0 

0 

q 

OS 
OS 

00 

OS 

O) 

CN 

as 

Os 
00 

SO 

St.* 

so 

SO 

Os 

in 

in 
in 

0 

0 

0 

CZ> 

0 

d 

d 

0 

0 

0 

0 

0 
q 

OS 
O; 

OS 

OS 

0 

OS 

W) 

00 

00 

s£> 

so 

in 

in 

0 

in 

0 

0 

<=> 

0 

C=j 

d 

d 

d 

d 

d 

d 

0 
q 

00 

OS 

o_ 

(N 
OS 

00 

(N 
00 

0 
so 

iri 

00 

in 

CN 

0 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

00 

OS 

so 
O) 

0 

Os 

00 

00 

CN 
IT) 

Os 

rn 

rn 

0 

0 

0 

0 

0 

d 

d 

d 

0 

0 

0 

0 
q 

OS 

^ 
OS 

Os 
00 

00 

(N 

CN 

XI 

CN 

0 

0 

0 

<z> 

d 

d 

0 

0 

0 

0 

0 
q 

O; 

0^_ 

00 

0 
00 

0 

i/^ 

CO 

0 

(N 

00 

t  ■ 

0 

0 

0 

0 

d 

d 

d 

d 

d 

0 

0 
q 

t — 
OS 

Ov 

00 

so 

so 

m 

0 

Os 

q 

00 

q 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

0 
q 

OS 
O; 

OS 
Os 

00 

OS 

r 

as 

Os 

00 

Os 

so 

so 

0 

so 

in 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

OS 
OS 

Os 
On 

OS 

^0 
OS 

OS 

m 
00 

SO 

in 

in 
in 

CN 
in 

0 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

Os 
OS 

00 

On 

SO 
(3S 

r*^ 
Os 

as 

r 

r- 

so 

so 

in 

in 

Os 

so 

C3 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

^ 

00 

OS 

OS 

0\ 

00 

0 

Os 
m 

OS 

in 

0 

0 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

q 

0^ 

c> 

as 

as 

Os 
00 

00 

so 

CN 
in 

CN 

Os 

so 

in 

0 

0 

0 

0 

C5 

d 

d 

d 

d 

d 

d 

0 
q 

00 

0^ 

so 
Os_ 

Ov 

^ 
00 

0 
00 

r 

in 

so 
m 

CN 

c-n 

Os 
CN 

0 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

00 

Ov 

so 
OS 

0 

OS 

00 

OS 

so 

Os 

rsj 

so 
(N 

m 
(N 

CN 

0 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
q 

00 

OS 

IT) 

OS 

<3s 
00 

00 

CN 

Os 
(N 

CN 
CN 

0 

(N 

(3s 

00 

0 

0 

0 

0 

0 

d 

d 

d 

d 

d 

d 

0 
0 

OS 

'a- 

Os 

00 

00 

0 

(N 

in 

CO 

CN 

0 

0 

ci 

0 

0 

0 

0 

d 

0 

0 

0 
q 

OS 

^ 
OS 

in 
00 

so 

in 
so 

so 

00 
0 

q 

SO 
0 

so 
0 

0 

<3 

0 

0 

d 

d 

d 

d 

d 

d 

d 

0 
q 

IT) 
0 

0 

q 

0 
<^ 
0 

0 
q 

0 
q 

0 
0 

0 
0 

rsj 

0 
0 
ir> 

0 
0 
q 

0 
0 

VI 

0 
0 
q 

0 

0 

0 

0 

0 

d 

d 

d 

d 

1-H 

»^ 

r4 

so 

d 


in 
m 


OS 

d 

d 

m 
d 


d 
>n 

CN 

d 

OS 


CN 


SO 
O 


SO 

d 


CN 


00 

Cs) 

d 


r<-i 
CN 


OS 


d 


OS 

o 


in 
o 


o 
o 
o 


204 


5  £  < 

•  S  ai 

.2  -n  ^ 

X  " 

>  "  u 

a  a  <^ 

^  sO  -O 

>  2  c 
^  2  .2 

§  6  ^ 

O  ^  (U 

^  (/J 


i — I 

is 

o 

.S  i 

5  I 

^  (N 

T3  00 

1)  o 

CO  C/5 

C  -o 

O  03 
r" 

O 

<U  _ 

0  " 

1  2 


on 

3 
O 

(U 

c 

o 


C  1) 


o 

E 
o 


^3 


o 
a. 

C 


3 

o 

2 


<u 
c 
<u 

o 

1/3 

c 
_o 

u 
cd 

o 

< 


o 

3  ^ 

If 

>  ^ 
o 


< 

o 
t 

E 

> 
u 
l-l 

\Ci  CO 

X)  X 
CO  C3 

H  i3 


T3 

CO 

(U 

x: 

O 

S 


x: 


CO 

C/3 


O  o 

on  c/3 

_3  ^ 

"ra  13 

>  > 


© 


— .  s 

i  ^ 

a  2 


00 


© 


© 


© 


© 


© 


© 


© 

00 


T3  ^ 
C3  — 


O 


U 

o 
u 
u 

!5 


© 


© 
IT) 


© 


© 


o 


o 
o 

o 
o 

o 
o 

o 

p 

p 

o 

ON 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
p 

o 
o 

p 

p 

>n 
in 

NO 

NO 

in 
in 

C=> 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

(N 
O 

O 

Ov 

NO 

in 

in 

oo 

ON 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

(N 
O 

m 
o 

ON 

o 

in 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

o 
o 

o 
o 

o 
p 

p 

p 

in 

oc 

(N 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 

p 

o 

(N 

in 

NO 

m 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

(N 
O 

o 

in 

ON 

ON 

CN 

ON 

in 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

o 

p 

ON 

ON 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 
o 

o 

O 

OS 

o 

m 

m 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

p 

O 

in 
p 

r- 
p 

o 

r- 
o 

r- 
o 

NO 

p 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 

O 

in 
in 

00 

in 

in 

in 

in 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

o 

O 

ON 

in 

ON 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

(N 
O 

m 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

o 

OS 

p 

CN 

so 

o 

00 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

p 

oo 
o 

o 

m 

m 
m 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

^ 
p 

r-- 
o 

00 

ON 

C3N 

CO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

,  , 

o 

in 
p 

<N 

00 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

CZ> 

o 
o 

o 
p 

o 
p 

o 

p 

00 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 
p 

o 

O 

p 

— 

ON 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 
o 

o 

o 

o 

NO 

o 

VO 
p 

NO 

o 

in 
o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

.010 

IT) 

© 

o 
p 

© 
© 

© 
© 

© 
in 
© 

© 
© 

© 
© 

© 
© 

IT) 

© 
© 
© 

© 
© 

© 
© 
p 

© 
© 
p 

© 

d 

© 

d 

© 

© 

© 

d 

d 

205 


2 

H  V3 

.3  CO 


a 

<u 


o 


1/1 

C  O 

§2 


3  <u 


c 

o 

1) 

+-» 

s 

o 


-a 

<u 
c 
_o 

' 

1) 

C/3 
1/3 

<u 

X3 
3 
o 

u 
c 

o 


S  c3 
oo 

s  ° 

1)  c/3 

-4— •  _4 

(1>  l-c 

1)  c 

.a  3 

^  :S 

>^  C 

g  J. 


T3 
O 

■4— • 

ID 

B 
o 


o 


3 

2 


T3 


o 

a 


1/3 

Of)  op 

"c/3 

3 


> 

CO  T3 


<: 


-a 

42 


O  -3 


C/3 

c 
o 


o 

CO 

1) 
X) 

°  a 

1/3  CC 

<  i2 

3 

^1 


03 
-*-» 

c/3 

la 


'9^ 

t/3  1/3 

_3  _3 

13  13 
>  > 


S 


o 
o 


o 

ON 


o 


^  o 

■ — -  r-~ 


_  S 


o 
u 

03 


« 

DC 
"« 
o 
E 

a> 


u 

o 
u 


o 


o 


o 


o 


o 
o 


o 


o 

00 


o 


o 


o 


o 


o 


o 


o 
q 

q 

[ — 

t — 

NO 

1/^ 

r- 

NO 

o 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 
q 

o 

<N 

(N 
r<-) 

NO 

ro 

r  ■ 
m 

NO 
NO 

00 

NO 

NO 

Nt.J 

in 

o 

o 

O 

O 

O 

O 

o 

o 

d 

d 

o 

o 

o 

o 
q 

q 

vy^ 
r-i 

On 
in 

NO 

On 

o 

o 

O 

O 

O 

O 

o 

o 

O 

o 

o 

O 

O 

q 

q 

%1 
(N 

en 

[ — 

CN 
to 

o 

o 

o 

O 

O 

O 

o 

o 

o 

o 

O 

O 

O 

o 
q 

q 

CO 

<N 

Oj 

rn 

— 4- 

UN 

[ — 
CO 

o 

o 

o 

O 

O 

O 

o 

O 

o 

o 

o 

O 

o 

o 
q 

o 

— 

r*^ 
CN 

On 
(N 

Ov 
(N 

oo 
rn 

oo 

oo 

o 

o 

o 

O 

O 

O 

o 

O 

d 

d 

d 

O 

O 

o 
q 

q 

— . 

O-l 
(N 

00 

(N 

(N 

o 

o 

o 

o 

o 

O 

O 

o 

d 

d 

O 

O 

O 

o 
q 

^/^ 
q 

(N 

On 
(N 

<N 

CN 
<N 

(N 

(N 

fN 

0\ 

o 

o 

o 

O 

O 

O 

O 

O 

O 

O 

O 

o 

o 

q 

q 

(N 

<N 

'O 

o 

o 

o 

O 

o 

O 

o 

o 

o 

O 

O 

o 

o 

q 

q 

<N 

(N 

Ni.^ 

(N 

q 

00 

o 

OO 

o 

00 

q 

00 

q 

q 

o 

o 

o 

O 

O 

O 

O 

o 

o 

o 

o 

o 

o 

q 

q 

^ 
(N 

NO 

CO 

in 

NO 

NO 

00 

lO 

In 

NO 

o 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

o 

q 

q 

(N 

rn 

00 

"SI 

IT) 

t  N 

o 

o 

o 

O 

O 

o 

O 

o 

o 

o 

o 

o 

o 

o 
q 

q 

^ 

o 

CO 

rn 

NO 

rn 

00 

oo 

o 

o 

o 

O 

O 

O 

O 

o 

d 

d 

d 

o 

O 

o 
q 

q 

r*^ 
(N 

On 

CN 

CO 

oo 

fN 
^_ 

On 
rn 

fN 

o 

o 

o 

O 

O 

O 

O 

O 

O 

O 

o 

O 

O 

o 

q 

CO 
(N 

WN 

<N 

rn 

NU.* 

NW 

NJ 

00 

o 

o 

o 

O 

O 

O 

O 

O 

O 

O 

O 

O 

o 

q 

q 

(N 

<N 

UN 

<N 

00 

CN) 

fN 

o 

o 

o 

o 

o 

O 

O 

o 

O 

O 

O 

o 

O 

o 
q 

q 

<N 

<N 

On 
(N 

r*^ 
fN 

(N 

(N 

r*^ 
<N 

00 

o 

o 

O 

o 

O 

O 

O 

d 

d 

d 

d 

d 

o 
q 

q 

(N 

NO 

(N 

00 

o 

OO 

On 

oo 

oo 

o 

o 

o 

O 

o 

o 

O 

o 

d 

d 

d 

d 

d 

o 
o 

o 

o 

NO 

NO 

NO 

fN 

On 

o 

o 

o 

o 

o 

o 

o 

O 

o 

o 

o 
o 

O 

o 

o 

in 
<N 

(N 

oo 
O 

o 

NO 

o 

NO 

o 

NO 

o 

in 
o 

o 

o 

o 

O 

O 

o 

O 

o 

d 

d 

d 

d 

d 

.010 

q 

o 
o 

o 
q 

o 
q 

o 
q 

O 

o 

o 
o 
»s 

o 
o 
If] 

o 
o 
o 

o 
o 

o 
o 
q 

o 
o 
o 

o 

o 

o 

o 

o 

o 

o 

d 

d 

ri 

206 


•S  £  < 

o 

t  g 


< 

o 


o 
o 


o 


e 

2  C 
o 

I  ^ 

O  U 

o  g 

c  c3 
_ 

O  KJ 

s  e 


1) 
c 
_o 

o 
aj 

CO 
CO 

x> 

3 
u 

(U 

c 
o 


ID  O 


o 

C/3 


0)  j:: 


S 

o 


03 
3 

3 


t3 
1  ^ 

CO  C 


c3  -o 


(U 

o 
13 


X) 


o 

fa 
E 
> 


03 
O 


CO 


O  Q 
3 

—  X 

il 


•i3  <2  c 


T3  -T3 

S  o 

ex  rv 

CO  C/2 

_3  3 

ca  13 

>  > 


o 
o 


OS 


o 

00 


-a  ^ 

U  la 

^  3 

E 
s 

K 


o 


O 


o 


o 


o 


_  3 


U 

o 
E 


U 

o 
u 


O 

On 


O 

90 


O 


o 


o 


o 


On 

00 

00 

m 

ON 

00 

00 

O 

p 

p 

On 

O; 

ON 

On 

00 

NO 

in 

O 

o 

o 

^ 

o 

d 

d 

d 

o 

00 

NO 

o 

NO 

oo 

ON 

in 

o 

o 

On 

ON 

On 

On 

ON 

OO 

00 

NO 

in 

o 

o 

o 

o 

o 

d 

00 

( — 

(N 

o 

NO 

00 

o 

ON 

On 

ON 

ON 

00 

NO 

NO 

o 

O 

o 

o 

d 

d 

00 

00 

oo 

oo 

in 

o 

ON 

ON 

ON 

00 

NO 

NO 

NO 

in 

in 

o 

o 

^> 

o 

d 

d 

d 

O^ 

o 

NO 

o 

o 

On 

Os 

00 

00 

NO 

in 

in 

in 

rn 

o 

O 

o 

o 

o 

o 

oo 

On 

^  , 

On 

p 

ON 

On 

oo 

00 

IT) 

o 

o 

O 

o 

o 

o 

00 

NO 

o 

rj- 

00 

(N 

00 

in 

(N 

in 

o 

ON 

ON 

ON 

00 

in 

rn 

o 

o 

o 

o 

o 

d 

oo 

On 

m 

m 

ON 

m 

ON 

o 

ON 

^. 

00 

00 

(N 

o 

o 

d 

d 

d 

o 

00 

O 

00 

NO 

o 

ON 

Ov 

00 

CNj 

o 

^_>' 

o 

o 

d 

00 

On 

On 

00 

NO 

o 

ON 

OS 

00 

NO 

p 

P 

p 

P 

o 

o 

o 

On 

00 

NO 

00 

00 

On 

00 

o 

p 

O^ 

On 

On 

On 

oo 

t~-- 

in 

in 

't 

rn 

o 

On 

On 

(N 

NO 

00 

o 

On 

ON 

On 

On 

On 

00 

NO 

onI 

CN) 

fNj 

^5 

o 

O 

o 

On 

00 

ON 

m 

o 

o 

00 

o 

c> 

On 

On 

On 

ON 

00 

NO 

C> 

o 

o 

On 

o 

NO 

00 

in 

o 

On 

On 

ON 

ON 

00 

NO 

in 

rn 

00 

00 

NO 

NO 

O 

00 

o 

On 

ON 

On 

00 

00 

NO 

CnI 

O 

^5 

o 

00 

oo 

NO 

NO 

O 

oo 

o 

ON 

O; 

oo 

oo 

NO 

<N 

00 

NO 

<N 

o 

On 

in 

o 

On 

On 

00 

rn 

CNj 

o 

O 

O 

o 

o 

o 

I— ' 

( — 

00 

NO 

On 

NO 

in 

CN 

o 

ON 

On 

00 

oo 

o 

t—- 

oo 

On 

On 

o 

o 

OO 

o 

O; 

ON 

00 

r~- 

NO 

p 

^ 

O 

o 

o 

O 

d 

d 

d 

d 

d 

d 

d 

o 

m 

in 

'S- 

NO 

(N 

NO 

in 

in 

^ 

o 

ON 

ON 

00 

NO 

o 

o 

o 

o 

p 

o 

O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

o 

IT) 

o 

o 

o 

o 

o 

o 

© 

o 

o 

o 

o 

IT) 

o 

o 

o 

o 

o 

o 

o 

o 

p 

p 

o 

o 

o 

IT, 

o 

p 

p 

o 

o 

O 

o 

d 

d 

d 

d 

d 

207 


•S  £  < 

.53  -r 


13  CO 

CO  "73 


fa  5  ^ 


bg  s 


O  ^ 
> 


O 

o 

o  <=> 
JO  ^ 

3  ^ 

II 

■  o 


•T3 
o 


0) 

3 
O 

(U 

c 
o 


.s 

IS  ^ 

•r;  >, 

T3  00 

E  ^ 

(U  o 

c/2  on 

C  -o 

0  CO 
i-i  (U 

r" 

CJ 

(U  _ 

•^3  S 
I- 

1  2 
o  I 

OB  -C 


1) 

o 


Jtt  E 
^  -d 

o 

C 
CO 


O 

E 
o 


CO 
3 

-4-» 

o 
3 


13  C 

(JJ  1/5 

CO 


CJ 
CO 


,2  p 


T3 

U 

o  ^ 

< 

OS  ^ 
^  3 

^  X> 
CO  CO 


—  E 

CO  ^ 

O  0) 

C/5  "S 

>  ^ 
CO  -o 

2  ^ 

§  ^ 

E  fu 

<^  ^ 

CO 

<u 

■t-» 

O  o 

u  ST 

C/3  1/5 

(U  (U 

_3  _3 

"cO  "cO 

>  > 


E  ^ 


o 


00 


^  o 
w  r- 


_  3 

« 

3 

X 


o 
u 
u 


o 


o 


o 


f5 


o 

s 


u 


o 
o 


o 

OS 


o 

00 


o 


o 

so 


o 

V5 


o 


o 


o 


o 
o 

o 
p 

o 
p 

o 
p 

p 

p 

o 

00 

so 

00 

so 

r- 

so 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

o 
p 

o 
p 

o 
p 

O 

so 
p 

o 

[ — 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

<3 

o 
p 

o 
p 

o 
p 

p 

in 
p 

IT) 

00 

(N 
SO 

so 

o 

so 

00 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
p 

o 
o 

p 

in 
p 

(N 

in 
in 

so 
in 

in 

in 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
o 

o 
o 

p 

p 

On 

00 

in 

vo 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

O 
O 

o 
p 

o 
p 

o 
o 

P 

p 

SO 

o 

o 

OS 

oo 

o 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
o 

o 
p 

p 

o 

in 

CN 

<N 

o 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 

p 

o 

OS 

in 

oo 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

p 

p 

p 

so 

so 

so 

m 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
o 

o 
p 

o 
p 

p 

p 

so 

o 

oo 
p 

00 

o 

00 

o 

00 

o 

so 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

CD 

o 
o 

o 
o 

o 
o 

o 

(N 
O 

, 

00 

m 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
p 

o 
o 

p 

O 

o 

in 

00 

o 

o 

OS 

m 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

o 
p 

o 
o 

o 
p 

o 

p 

o 

'J- 

so 

so 
m 

in 

OS 
<N 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 

o 

00 

p 

o 

O 

o 

so 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
p 

o 
o 

o 

p 

o 

so 

SO 
(N 

(N 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
p 

o 

o 

so 
o 

CN 

(N 

00 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
p 

o 
o 

o 
o 

o 

in 
p 

oo 

oo 

in 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
p 

o 
p 

o 
p 

p 

O 

00 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 
p 

p 

p 

so 
p 

oo 
o 

OS 

o 

c:s 
o 

OS 
O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
p 

o 
p 

o 
p 

o 
p 

o 
p 

p 

o 

o 

in 
o 

o 

p 

p 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

P 

o 
p 

o 
p 

o 

■t 
p 

o 

IT* 
p 

o 
o 

o 
o 

o 
o 

o 
o 
o 

o 
o 

"J 

o 
o 
p 

o 
o 
o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

208 


■S  £  < 


ml 

no  u 

i  i 

c  o 

(D  o 

u 


(L.  -5 


c 

o 
x> 

s 

o 

-a 

C 
o 

u 

c« 

C/3 

O 

c 
o 

X! 


43  O 


^3 


S  o 
5  i> 

<U  ^- 
— <  (U 

.a  =3 

DO  T3 
C 

c  o 
^  x; 

■4-* 

00  o 


o 

s 

o 


o 

[/: 
C 
03 

•4— > 

3 

3 

o 

2 


T3  , 

(U  C/3 


C/3  ■£ 

Is- 

CO  -73 

J3  ^ 


c 

o 

CO 


T3 


I  S 

p  (11 


3 
o 

3 
o 

D 


CO 


> 


on  cO 

<  ^ 
3 

O  1) 
(N  X 


"5^ 

^  aj 

c/>  in 

<D  <L> 

_3  3 

3  3 

>  > 


s 


o 
o 


o 

ON 


o 


o 


—I  3 
« 

s 

3 


—  VO 


U 

o 
u 


a 
—  .5 


o 


O 


o 


o 


00 


o 


o 

so 


o 


9i 

u 

o 


o 


o 


o 
o 

so 
o 

in 

CN 

On 

»n 

o 

00 

NO 

in 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

NO 

oo 

00 

NO 

m 

o 

( — 

00 

cs 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

in 

CN 

NO 

CO 

m 

NO 

m 

NO 

m 

o 

NO 

00 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

so 
o 

in 

m 

in 

CO 

o 

in 

00 

in 

in 

in 
in 

m 
in 

CN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

so 
o 

o 

NO 

On 

ON 

00 

in 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

so 
o 

(N 

o 

CO 

00 

CO 

CN 

o 

oo 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

m 

ON 

CN 

oo 

CN 

— 

rn 

CN 

ro 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

NO 

o 

— 

r<-i 

CN 

o 

CO 

CO 

CN 

CN 

m 

CN 

in 
CN 

CN 

oo 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

O 

— 

CN 

00 

CN 

ON 

NO 

in 

CN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
O 

— 

NO 
CN 

CN 

o 

ON 

o 

ON 

o 

00 

o 

oo 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

NO 

o 

'I- 

NO 

On 

00 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
o 

o 

m 

fO 

CO 

CN 

ro 

CN 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

— 

m 

o 

m 
ro 

m 

oo 

ON 

ro 

00 

NO 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

NO 

o 

— 

m 

ON 

CN 

CN 

(N 
m 

m 

CO 

NO 

CN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
o 

— 

ON 

CN 

m 

00 

CN 

ON 

CN 

o 

ON 

cN 

00 

CN 

CN 

CN 
CN 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
o 

— 

CN 

CN 

o 

NO 

CN 

m 

CN 

>n 

CN 

\  N 

I  N 

CN 

ON 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
O 

— 

CN 

CN 

On 
CN 

CN 
CN 

o 

On 

On 

oo 

in 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

in 

CN 
CN 

NO 

oo 

I  N 

Ov 

NO 

in 

in 

ro 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

m 
O 

CN 

in 

CN 

NO 
CN 

NO 

CN 

o 

o 

ON 

o 

On 
O 

o 

O 

o 

o 

o 

d 

o 

o 

d 

o 
o 

in 
o 

o 

o 

CN 

in 

CN 

in 
CN 

CN 

o 

NO 

o 

in 
o 

in 

o 

in 
O 

q 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

O 

»^ 

o 

o 
n 
o 

o 

O 

o 
o 

o 
tn 
o 

o 
o 

o 
o 

o 
o 
If) 

o 
o 
q 

o 
o 

o 
o 
q 

o 
o 
o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

209 


1>     t/5  1/5 


E 


o 


o 

CO 


c 

o 

X) 

E 

o 


c 
o 


•l  - 

>  o 

I 

.5  >^ 

E  (N 

(/I 
c 
o 


O 

(U 
1/3 

3 

o 

aj 
c 
o 


O 

E 


-a 
o 


E 
o 


o 
cx 

c/3 
3 
a 


C3 


^  o 
3  c3 


00  H 
CO 

(U  (U 
3 

U  ' 

o  ~ 
c  ^ 

E  '".^  E 
> 

CO 

•T3 

cs 

1) 

0:S 


3 

O 


o 

CO 


o  JJ 
-S 

1/5 

If 

D  3 
CO  T3 

u<  CO 
CO  3 

T3  O 

_e  o 

(U 

— < 

CO  OJ 

E 

^  CO 


CO 

c/5  -3 

_    §  <2  3 

(N|   —!  "O  "3 

CO  (1>  (U 

u  g  t;  t; 

IS    3  O  O 


2 


it 
w  E 


00 


•o 

s 


E 
s 

S 


w  E 

00 


2 

R  ft 

^  s 

l-H 


•a 


<u  E 

so 

00 


o 
E  <s 

a  00 


T  « 


Oi 


4>i 


2 

?  «^  *5 

fc«  —  a; 

R  R  01 

1—1  ~ 

IT/ 


CQ 


CQ 


09 


PQ 


> 
CQ 
H 


oa 


n 


pa 


o 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

o 

o 

o 

IT) 

m 

o 

d 

o 

d 

d 

o 

o 

d 

d 

d 

d 

d 

d 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

d 

o 

o 

o 

d 

d 

d 

o 

d 

d 

d 

o 

o 

o 

o 

o 

o 

o 

m 

ro 

CD 

d 

d 

d 

d 

o 

o 

o 

o 

o 

o 

O 

O 

<^ 

o 

o 

CN 

(N 

ro 

rn 

m 

(N 

CD 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

O 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

r-5 

m 

(N 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

o 

o 

ON 

CO 

00 

ro 

NO 

o 

d 

d 

d 

d 

d 

d 

d 

O 

d 

O 

d 

d 

o 

o 

o 

<^ 

m 

(N 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 

o 

^■-^ 

o 

o 

<^ 

o 

o 

NO 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 

o 

O 

O 

O 

O 

O 

CO 

O 

O 

O 

O 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 
o 

o 
o 

o 
o 

o 

O 

OS 
O 

m 

ON 

On 

oo 

Ti- 
en 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

.010 

ir, 

l-H 

O 

o 
r< 
o 

o 
o 

o 

O 

o 
ir, 
o 

o 
o 

o 
o 

o 
o 

o 
o 
o 

o 
o 
ir, 

o 
© 
© 

© 
© 
o 

o 

d 

d 

d 

d 

d 

© 

d 

d 

210 


—3      l-H  1/3 

o  ^ 

I-  o 

1  d  < 
o  o 

u  > 

2  o 


^  ^ 

03  o 


C 

1) 


E 

^    aj  t/3 

—  -C" 

CO" 

U     ■  (U 

2  «  s 

C   (U  o 

o  ■ 


00 


<^  B 


T3 


O 
G 
O 


.2 


o 

■4— » 

a: 


t: 

o 
a, 

t/3 

Ci 
03 


03 


C  03 
P  fa 


^  us 
O  T3 
03 


1/3 

c 

o 


03  -S 


O 

1/3 

T3 
CO 

!U 


T3 

X) 

o 

1/3 

«N  p 

-S 


3 

00 

<u  S 

>  '1/3 

ca  3 
fa  u 


o 

3 
o 

<u 

-C  03 


-a 

CO 

3 
o 
S 


2 


0) 


so 
90 


2  ■'3 


u 

U  — 


3  00 

X 


2 

"o 


V  E 

so 


o 

E  <N 

U  00 


2 


o)  E 


^  E 


2 

I 


•a 


H 


> 
BQ 
H 


> 
H 


> 


PQ 


PQ 
H 


o 

CD 

o 

(N 
CD 

CD 

o 

00 
p 

00 
q 

q 

en 
q 

CnI 

q 

q 

q 

q 

CZ) 

o 

O 

O 

o 

o 

o 

o 

o 

CD 

CD 

o 

o 

O 

o 

C3N 

ON 

00 

ON 

On 

o 

C3N 

so 

oo 

so 

m 

so 

o 

00 

q 

q 

in 
q 

O 

o 

O 

O 

o 

o 

O 

CD 

o 

o 

o 

o 

o 
o 

O 

(N 
CD 

CD 

o 

CD 

so 

q 

in 
q 

m 
q 

q 

q 

q 

q 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

o 

CD 

CD 

o 

CD 

On 
ON 

00 

<3n 

SO 

ON 

m 

ON 

On 

in 

00 
»— 1 

00 

q 

O 

O 

o 

o 

O 

o 

o 

o 

o 

o 

CD 

o 

o 
o 

o 

(N 
O 

o 

CD 

q 

q 

in 
q 

q 

m 
q 

q 

q 

CNl 

q 

o 

o 

o 

o 

O 

o 

o 

o 

o 

o 

o 

o 

o 

o 

CD 

On 
ON 

00 

ON 

so 

ON 

On 

o 

ON 

00 

(N 

(N 

o 

so 

o 

o 

o 

O 

o 

o 

o 

CD 

O 

O 

O 

o 

o 
o 

o 

CD 

o 

o 

o 

o 

q 

q 

q 

q 

m 
q 

q 

q 

o 

o 

o 

o 

o 

o 

o 

CD 

o 

o 

o 

CD 

o 

o 
o 

o 

CD 

ON 
C3N 

00 

so 
On 

in 

On 

in 

00 

00 

so 

in 

so 

o 

o 

O 

CD 

O 

o 

o 

CD 

O 

o 

O 

o 

CD 

CD 

CD 

o 

o 

CD 

q 

q 

m 
q 

r<-) 

q 

m 
q 

q 

q 

o 

O 

o 

o 

o 

O 

o 

o 

O 

CD 

o 

o 

o 

o 

CD 

CTn 
ON 

C3N 
On 

r- 

ON 

C3N 

ON 

00 

(N 
SO 

o 

m 

00 

CNl 

o 

O 

o 

o 

o 

o 

CD 

CD 

o 

o 

O 

CD 

o 
o 

o 
o 

o 

CNl 

o 

O 

cn 
o 

o 

O 

m 
o 

o 

o 

m 
O 

o 

o 

CD 

o 

CD 

o 

CD 

o 

o 

CD 

o 

o 

CD 

d 

o 

CD 

O 

o 

ON 
ON 

00 

On 

so 
On 

>o 

On 

ir> 

00 

r- 
so 

o 
in 

in 

in 

o 

O 

O 

O 

o 

o 

o 

CD 

CD 

O 

d 

.010 

in 
o 

o 
o 

O 
O 

O 

o 

O 

IT) 

q 

o 
o 

o 
o 

o 
o 

O 
O 

o 

© 
© 

© 
© 

q 

o 
© 
© 

o 

o 

o 

O 

o 

o 

o 

o 

o 

211 


c  <u 


o 
c 


s  s 

-a  i= 

-2  S 

cd 


OB 


D 

cd  3 

-=  ^ 

03  (U 

E 

^  03 
<L> 

<-!  C/3 

•  I— I 
J3 


-a  T3 

o  o 


90 


2  2 

2  2s 
S 

S  00 

S 


2 

i  ii 

I 

IT; 


13 
00 


a: 


U  00 


2 


?  ii  a 
SI  S  w 


CQ 
H 


CQ 
H 


> 
PQ 
H 


CQ 
H 


oa 

H 


> 

CQ 
H 


oa 

H 


> 

oa 


o 
o 

00 

o 

in 
m 

o 

o 

O 

O 

O 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

in 
o 

m 

r<-i 

OS 

o 

o 

o 

in 
o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

oo 
00 

r- 

IT) 

m 

o 

O 

O 

O 

O 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

in 

o 

o 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

ON 

00 

o 

o 

o 

O 

O 

m 
o 

O 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

m 

(N 

o 

O 

ON 

in 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

OS 
00 

in 

00 

r-- 
o 

o 

O 

m 
O 

m 
o 

m 
o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

\o 
o 

(N 

iri 

00 

m 

o 

ON 

(N 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

ON 

00 

m 

(N 

o 

p 

O 

m 
O 

O 

(N 
O 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

in 

in 

o 

m 

ON 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
p 

On 
00 

t 

r- 

in 

o 

o 

o 

O 

O 

O 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

in 

r- 
m 

00 

o 

o 

o 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

o 
o 

o 

o 

O 

© 
o 

o 

P 

© 

© 

© 
© 

© 
© 

© 
© 

© 
© 
© 

© 
© 

© 
© 
© 

© 
© 
© 

o 

o 

d 

d 

© 

© 

d 

© 

© 

l-H 

r4 

212 


Figure  109.  A  region  of  interest  selected  from  a  two-dimensional  slice  extracted  from  a 
3D  NMR  image  of  a  bone  cube  sectioned  from  a  femoral  head  sample  displaying  a)  10%, 
b)  50%,  c)  80%,  and  d)  100%  marrow  cellularity.  Gray  voxels  represent  individual 
adipocytes  of  the  inactive  marrow  tissue. 
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Figure  110.  Comparison  of  absorbed  fractions  calculated  for  10%,  50%,  80%,  and  100% 
cellularity  using  the  macrostructural  transport  model  for  the  femoral  head  of  the  51 -year- 
old  male  cadaver.  The  values  shown  are  the  average  absorbed  fraction  of  the  two  bone 
cubes  sectioned  from  the  femoral  head. 
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Figure  111.  Comparison  of  absorbed  fractions  calculated  for  10%,  50%,  80%,  and  100% 
cellularity  using  the  macrostructural  transport  model  for  the  humeral  head  of  the  51 -year- 
old  male  cadaver. 
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(t)(TAM<-TAM) 
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Figure  1 12.  Comparison  of  absorbed  fractions  calculated  for  10%,  50%,  80%,  and  100% 
cellularity  using  the  macrostructural  transport  model  for  the  femoral  head  of  the  82-year- 
old  female  cadaver.  The  values  shown  are  the  average  absorbed  fraction  of  the  two  bone 
cubes  sectioned  from  the  femoral  head. 
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Figure  113.  Comparison  of  absorbed  fractions  calculated  for  10%,  50%,  80%,  and  100% 
cellularity  using  the  macrostructural  transport  model  for  the  humeral  head  of  the  82-year- 
old  female  cadaver. 
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Figure  1 14.  Comparison  of  absorbed  fractions  calculated  for  10%,  50%,  80%,  and  100% 
cellularity  using  the  macrostructural  transport  model  for  the  femoral  head  of  the  86-year- 
old  female  cadaver.  The  values  shown  are  the  average  absorbed  fraction  of  the  two  bone 
cubes  sectioned  from  the  femoral  head. 
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Figure  115.  Comparison  of  absorbed  fractions  calculated  for  10%,  50%,  80%,  and  100% 
cellularity  using  the  macrostructural  transport  model  for  the  humeral  head  of  the  86-year- 
old  female  cadaver. 
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Figure  116.  Comparison  of  TAM  self-absorbed  fractions  of  the  femoral  head  of  a  51- 
year-old  male  using  three  different  methods.  The  method  of  Bouchet  et  al.  assumes  that 
the  TAM  self-absorbed  fractions  are  equal  to  the  TMS  self-absorbed  fractions,  whereas 
the  method  of  Eckerman  and  Stabin  scales  the  TMS  self-absorbed  fractions  by  the 
"reference"  cellularity  factor  (0.25  for  the  femoral  head).  The  TAM  self-absorbed 
fractions  reported  in  this  work  are  directly  calculated  using  the  macrostructural  transport 
model  of  the  EGS4  transport  code. 
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Figure  117.  Comparison  of  TAM  self-absorbed  fractions  of  the  femoral  head  of  an  82- 
year-old  female  using  three  different  methods.  The  method  of  Bouchet  et  al.  assumes  that 
the  TAM  self-absorbed  fractions  are  equal  to  the  TMS  self-absorbed  fractions,  whereas 
the  method  of  Eckerman  and  Stabin  scales  the  TMS  self-absorbed  fractions  by  the 
"reference"  cellularity  factor  (0.25  for  the  femoral  head).  The  TAM  self-absorbed 
fractions  reported  in  this  work  are  directly  calculated  using  the  macrostructural  transport 
model  of  the  EGS4  transport  code. 
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Figure  118.  Comparison  of  TAM  self-absorbed  fractions  of  the  femoral  head  of  an  86- 
year-old  female  using  three  different  methods.  The  method  of  Bouchet  et  al.  assumes  that 
the  TAM  self-absorbed  fractions  are  equal  to  the  TMS  self-absorbed  fractions,  whereas 
the  method  of  Eckerman  and  Stabin  scales  the  TMS  self-absorbed  fractions  by  the 
"reference"  cellularity  factor  (0.25  for  the  femoral  head).  The  TAM  self-absorbed 
fractions  reported  in  this  work  are  directly  calculated  using  the  macrostructural  transport 
model  of  the  EGS4  transport  code. 
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Figure  119.  Comparison  of  TAM  self-absorbed  fractions  of  the  humeral  head  of  a  51- 
year-old  male  using  three  different  methods.  The  method  of  Bouchet  et  al.  assumes  that 
the  TAM  self-absorbed  fractions  are  equal  to  the  TMS  self-absorbed  fractions,  whereas 
the  method  of  Eckerman  and  Stabin  scales  the  TMS  self-absorbed  fractions  by  the 
"reference"  cellularity  factor  (0.25  for  the  humeral  head).  The  TAM  self-absorbed 
fractions  reported  in  this  work  are  directly  calculated  using  the  macrostructural  transport 
model  of  the  EGS4  transport  code. 
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Figure  120.  Comparison  of  TAM  self-absorbed  fractions  of  the  humeral  head  of  an  82- 
year-old  female  using  three  different  methods.  The  method  of  Bouchet  et  al.  assumes  that 
the  TAM  self-absorbed  fractions  are  equal  to  the  TMS  self-absorbed  fractions,  whereas 
the  method  of  Eckerman  and  Stabin  scales  the  TMS  self-absorbed  fractions  by  the 
"reference"  cellularity  factor  (0.25  for  the  humeral  head).  The  TAM  self-absorbed 
fractions  reported  in  this  work  are  directly  calculated  using  the  macrostructural  transport 
model  of  the  EGS4  transport  code. 
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Figure  121.  Comparison  of  TAM  self-absorbed  fractions  of  the  humeral  head  of  an  86- 
year-old  female  using  three  different  methods.  The  method  of  Bouchet  et  al.  assumes  that 
the  TAM  self-absorbed  fractions  are  equal  to  the  TMS  self-absorbed  fractions,  whereas 
the  method  of  Eckerman  and  Stabin  scales  the  TMS  self-absorbed  fractions  by  the 
"reference"  cellularity  factor  (0.25  for  the  humeral  head).  The  TAM  self-absorbed 
fractions  reported  in  this  work  are  directly  calculated  using  the  macrostructural  transport 
model  of  the  EGS4  transport  code. 


CHAPTER  5 
CONCLUSIONS  AND  FUTURE  WORK 

Trabecular  Bone  Dosimetry  at  the  University  of  Florida 

In  the  second  chapter,  the  methods  used  at  the  University  of  Florida  to  calculate 
absorbed  fractions  for  trabecular  bone  sites  were  discussed.  Chapter  2  started  with  a 
discussion  of  the  method  used  to  obtain  trabecular  bone  sites,  followed  by  an  explanation 
of  the  sample  preparation  techniques  used  to  produce  samples  that  could  be  imaged 
optically  and  on  a  NMR  spectrometer.  In  addition,  the  protocols  used  to  produce  NMR 
and  optical  images,  as  well  as  all  image  processing  steps  were  discussed  in  detail,  and 
chord  lengths  obtained  from  both  NMR  and  optical  images  were  compared.  Furthermore, 
absorbed  fractions  calculated  from  NMR  images  of  the  same  bone  cube  were  compared 
to  determine  the  reproducibility  of  dosimetric  quantities  measured  using  the  NMR 
microscopy. 

Results  show  that  absorbed  fractions  calculated  using  the  infinite  trabecular 
region  transport  model  varied  by  only  4%  at  high  energies  (4  MeV)  due  to  the 
methodology  used  to  calculate  them.  In  addition,  a  comparison  of  absorbed  fractions 
calculated  from  3D  NMR  images  of  bone  cubes  before  and  after  marrow  removal  showed 
that  the  maximum  variation  is  less  than  4%  at  4  MeV.  This  amount  of  variation,  as 
pointed  out  previously  can  be  attributed  to  the  techniques  used  to  obtain  the  NMR 
images.  Finally,  the  validity  of  NMR  images  of  Gd-doped  water  filled  samples  was 
determined  by  comparing  absorbed  fractions  calculated  from  both  marrow  intact  and 
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marrow  digested  samples  of  three  bone  cubes.  This  study  verified  that  the  marrow 
digestion  process  does  not  damage  the  trabecular  bone  microstructure  of  the  femoral 
head. 

A  comparison  of  chord  lengths  measured  from  NMR  images  and  optical 
microscopy  images  showed  differences  at  the  smallest  birmed  chord  length  (40  i^m). 
However,  due  to  the  nature  of  chord  length  measurements,  the  artifacts  apparent  within 
the  optical  images,  and  the  limited  number  of  slices  sectioned  from  the  bone  cube,  the 
accuracy  of  measuring  trabecular  bone  microarchitecture  using  NMR  microscopy  could 
not  be  determined. 

Site-Specific  Variability  in  Trabecular  Bone  Dosimetry 

In  chapter  three,  the  methods  of  obtaining  absorbed  fractions  developed  in  the 
previous  chapter  were  used  to  produce  absorbed  fractions  from  high-resolution  NMR 
images  (88  fim  x  88  |j,m  x  88  |im)  of  the  femoral  and  humeral  heads  of  three  cadavers. 
Two  models,  the  infinite  trabecular  region  and  macro  structural  transport  models,  of 
calculating  absorbed  fractions  were  discussed.  A  comparison  between  absorbed  fractions 
calculated  using  an  infinite  trabecular  region  transport  model  and  absorbed  fractions 
calculated  using  the  macrostructural  transport  model  showed  that  particles  began  exiting 
the  femoral  head  region  for  initial  energies  as  low  as  500  keV  for  all  three  cadavers. 
Likewise  particles  exited  the  humeral  head  region  of  the  male  at  initial  energies  above 
500  keV;  however,  due  to  the  smaller  humeral  head  of  the  female,  particles  with  initial 
energies  greater  than  200  keV  deposited  energy  outside  of  the  trabecular  region. 
Furthermore,  results  proved  that  any  model  that  implicitly  assumes  full  energy  deposition 
within  the  trabecular  region  of  a  given  bone  site  overestimates  the  absorbed  fractions  to 
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the  marrow  cavities  by  more  than  20%  in  the  femoral  and  humeral  heads  at  high  energies 
(4  MeV). 

A  comparison  of  absorbed  fractions  calculated  from  bone  cubes  sectioned  from 
the  femoral  head  of  each  cadaver  suggested  that  except  for  the  82-year-old  cadaver,  the 
femoral  head  bone  site  in  these  two  individuals  was  uniform  throughout  the  trabecular 
region.  A  difference  in  absorbed  fractions  of  10%  was  calculated  for  the  two  bone  cubes 
sectioned  from  the  femoral  head  of  the  82-year-old  female,  suggesting  a  nonuniform 
thinning  of  the  trabeculae. 

In  addition,  absorbed  fractions  calculated  from  the  same  bone  site  of  each  cadaver 
were  compared  in  order  to  determine  the  effect  age  and  gender  may  have  on  the 
microstructure  of  trabecular  bone  regions.  Results  suggest  that  bone  thinning  occurs  in 
non-weight  bearing  bone  sites  before  weight  bearing  bone  sites.  Also,  absorbed  fractions 
calculated  from  the  humeral  head  samples  of  the  female  cadavers  varied  by  less  than  2%» 
for  all  energies.  However,  absorbed  fractions  calculated  from  the  humeral  head  of  the 
male  cadaver  differed  from  the  absorbed  fractions  of  the  female  cadavers  by  more  than 
15%  at  4  MeV  for  TMS  and  TBV  targets  with  more  energy  being  deposited  in  the 
marrow  spaces  of  the  female  cadavers.  A  similar  comparison  for  the  femoral  head 
showed  that  absorbed  fractions  calculated  from  the  82-year-old  female  were  10%  higher 
at  4  MeV  for  a  TMS  target  than  the  absorbed  fractions  calculated  from  the  other  to 
cadavers.  The  differences  between  absorbed  fractions  calculated  from  the  same  bone  site 
of  each  individual  were  not  correlated  with  age  or  gender.  An  additional  parameter,  such 
as  bone  mineral  density,  is  needed  to  more  fully  explain  the  differences  measured. 
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Furthermore  for  each  cadaver,  absorbed  fractions  obtained  from  the  femoral  and 
humeral  heads  were  compared  in  order  to  determine  the  validity  of  the  assumption  that 
the  femoral  head  and  the  humeral  head  of  the  adult  have  the  same  microarchitecture.  The 
results  disproved  this  assumption.  In  fact,  absorbed  fractions  of  the  humeral  head  at 
4  MeV  differed  by  nearly  30%  for  both  TMS  and  TBV  targets  for  all  three  cadavers. 
These  results  verified  the  assumption  of  equivalent  microstructures  for  the  femoral  and 
humeral  heads  in  not  valid. 

Finally  in  Chapter  4,  absorbed  fractions  to  a  trabecular  active  marrow  (TAM) 
target  were  calculated  for  a  range  of  marrow  cellularities.  A  comparison  to  previous 
methods  used  to  calculate  TAM  absorbed  fractions  showed  that  the  method  of  Eckerman 
and  Stabin  greatly  underestimated  absorbed  fractions  of  the  femoral  and  humeral  heads 
for  electron  energies  below  200  keV.  In  fact,  these  underestimations  ranged  from  5-75% 
with  the  maximum  underestimations  occurring  at  the  lower  energies.  Furthermore,  the 
method  of  Bouchet  et  al.  overestimated  these  same  absorbed  fractions  by  as  much  as  80%> 
for  electron  energies  above  20  keV. 

In  conclusion,  this  work  has  shown  that  absorbed  fractions  measured  from  NMR 
images  are  reproducible  within  4%  at  high  energies.  Comparisons  between  absorbed 
fractions  calculated  from  the  infinite  trabecular  region  model  and  the  macrostructural 
model  verified  that  models  that  require  full  energy  deposition  within  the  trabecular  bone 
region  overestimate  absorbed  fractions  in  these  regions  by  more  than  20%.  In  addition, 
the  assumption  of  equivalent  trabecular  microstructure  for  the  humeral  and  femoral  heads 
was  disproved.  Furthermore,  this  work  determined  that  the  Bouchet  et  al.  method  of 
determining  absorbed  fractions  to  the  trabecular  active  marrow  overestimates  these  same 
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absorbed  fractions  by  80%  at  high  energies,  whereas  the  Eckerman  and  Stabin  method 
underestimates  these  absorbed  fractions  by  nearly  75%  at  low  energies. 

Future  Work 

The  current  methodology  used  at  the  University  of  Florida  to  calculate  dosimetric 
quantities  from  NMR  images  of  trabecular  bone  regions  can  be  improved  in  various 
ways.  First,  any  advances  in  imaging  techniques  that  will  allow  larger  samples  to  be 
imaged  without  compromising  the  geometric  data,  will  better  measure  the  microstructure 
of  the  bone  sites.  This  will  also  reduce  the  frequency  of  reintroduction  of  the  particle 
back  into  the  region  of  interest  (ROI).  Alternate  methods  of  reintroduction  of  the  particle 
back  into  the  ROI  can  be  explored  as  well.  One  such  method  produces  mirror  images  of 
the  ROI  and  aligns  them  adjacent  to  the  ROI  for  all  six  faces.  Finally,  copies  of  this  new 
image  data  set,  the  ROI  and  the  mirror  images  of  the  ROI,  are  laid  next  to  each  other  in 
all  three  dimensions. 

However,  future  work  can  involve  applying  the  methodology  used  in  this  study  to 
additional  skeletal  sites.  This  would  allow  for  an  expansion  and  verification  of  existing 
trabecular  microstructure  data.  A  "family"  of  reference  models  could  be  developed  in 
order  to  be  more  patient  specific  in  regards  to  gender,  marrow  cellularity,  and  marrow 
volume  fraction  or  degree  of  osteoporosis.  Furthermore,  an  improvement  could  be  made 
on  the  method  used  to  introduce  adipocytes  into  the  3D  NMR  images.  By  studying  bone 
marrow  biopsy  histology  slides,  information  pertaining  to  the  adipocytes  distribution 
patterns  could  be  obtained. 

In  addition  to  measuring  the  microstructure  of  trabecular  bone  regions,  work 
needs  to  be  preformed  in  measuring  the  cumulative  activity  present  in  trabecular  bone 
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regions  for  a  given  situation,  whether  it  is  a  radiolabeled  antibody  that  is  known  to  bind 
to  a  cellular  component  of  blood,  bone,  or  marrow  or  an  inhalation  or  ingestion  of  a  bone- 
seeking  radionuclide  (Sgouros  et  al.  2000).  This  includes  collecting  data  that  would 
provide  basic  information  on  the  biodistributions  of  radiopharmaceuticals  or  nuclides 
within  the  marrow.  Improving  the  accuracy  of  absorbed  fractions  by  accurately 
measuring  microstructural  data  and  obtaining  marrow  mass  estimates  from  NMR  images 
needs  to  be  accompanied  by  an  effort  to  better  understand  the  distribution  of  the  activity 
within  these  regions. 

Finally,  as  imaging  modalities  continue  to  improve,  in  vivo  imaging  for  the 
purpose  of  skeletal  dosimetry  may  be  feasible.  Such  techniques  could  lead  to  patient- 
specific  bone  dosimetry,  vastly  improving  current  treatment  plarming  protocols.  In 
addition  to  measuring  patient-specific  trabecular  microstructure,  in  vivo  imaging  can 
measure  a  patient-specific  marrow  cellularity  (Ballon  et  al.  1991;  Ballon  et  al.  1996; 
Ballon  et  al.  1998).  Therefore,  the  parameter  that  effects  absorbed  fractions  to  the 
trabecular  active  marrow  the  most,  can  be  determined  for  each  patient. 


APPENDIX  A 

BONE  SITE  HARVESTING  AND  BONE  CUBE  PREPARATION 
To  advance  the  database  of  trabecular  bone  microstructure,  three  cadavers  were 
purchased  from  the  State  of  Florida  Anatomical  Board.  A  51 -year-old  male  was  chosen 
to  represent  the  microstructure  close  to  "reference"  man.  His  medical  condition  at  the 
time  of  death,  however,  could  not  guarantee  that  microstructural  changes  would  be 
evident  in  the  trabecular  bone  regions.  For  the  two  females  an  alternate  route  was  taken. 
One  cadaver  was  chosen  such  that  her  age  and  medical  condition  at  the  time  of  death 
would  suggest  some  changes  to  the  trabecular  microstructure  had  occurred,  whereas  the 
other  female  cadaver  was  to  have  less  changes  to  the  trabecular  microstructure  due  to  age 
and  medical  condition  at  time  of  death. 

Forty-four  samples  was  harvested  from  each  cadaver.  This  number  includes 
multiple  bone  samples  from  the  same  type  of  bone  site.  For  example,  both  femoral  and 
humeral  heads  were  harvested  from  each  cadaver,  thus  representing  four  bone  samples. 
The  same  is  true  for  all  bone  sites.  All  vertebrae  were  harvested  from  the  backbone  of 
each  cadaver,  thus  accounting  for  24  bone  samples  representing  only  three  bone  sites 
(cervical,  thoracic,  and  lumbar  vertebrae). 

The  bone  samples  were  harvested  in  a  manner  that  would  causes  no  damage  to  the 
microarchitecture  of  the  bone  site.  For  example,  the  femoral  heads  were  sectioned  from 
the  femur  well  below  the  femoral  neck  area.  After  removing  all  surrounding  tissue,  the 
samples  were  sealed  in  two  storage  bags  and  labeled  to  identify  the  bone  site  and  the 
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cadaver  from  which  the  particular  bone  site  was  harvested.  Ail  double-bagged  samples 
were  stored  in  a  freezer  at  -17°  C. 

Once  it  has  been  determined  that  a  particular  bone  site  is  going  to  be  imaged,  the 
sample  is  removed  from  the  freezer  and  taken  to  Shands  hospital  for  imaging  on  a 
General  Electric  LightSpeed  QX/I  Computed  Tomography  scanner  operating  at  120  kV 
and  120  mA.  Two-dimensional  slices  are  produced.  Three-dimensional  images  are 
constructed  from  these  slices  using  imaging  software.  The  3D  images  assist  the 
researcher  in  determining  (1)  what  trabecular  regions  should  be  sectioned  from  the 
sample  for  imaging  and  (2)  what  cortical  bone  thickness  defines  the  bone  site  cortex.  The 
latter  is  utilized  in  the  macrostructural  transport  models  used  in  this  study. 

Before  imaging  on  the  NMR  spectrometer,  the  bone  sample  is  taken  to  the  State 
of  Florida  Anatomical  Board  for  sectioning.  The  sample  is  physically  sectioned  in  a 
manner  that  will  represent  as  much  of  the  trabecular  microstructure  as  possible. 
Furthermore,  all  cortical  bone  surrounding  the  sample  is  removed.  For  large  bone  sites, 
two  cubes  are  usually  obtained.  The  current  imaging  protocol  requires  the  bone  cubes 
have  dimensions  no  larger  than  4.5  cm  x  2.25  cm  x  2.25  cm.  Current  ^CT  protocol 
requires  samples  have  a  diameter  of  8  mm- 12  mm  [Kuhn,  1990  #188;  Ruegsegger,  1996 
#110].  Larger  sample  sizes  are  desired  in  order  to  fully  measure  the  anisotropic  nature  of 
these  bone  regions.  The  cubes  can  then  be  stored  for  later  use,  if  marrow-intact  imaging 
is  the  utilized.  For  marrow-intact  imaging,  the  cubes  need  to  be  imaged  within  24  hours 
to  prevent  any  loss  of  marrow  and  thus  loss  of  MR  signal.  After  imaging  the  cubes  are 
once  again  stored  frozen  at  -17°  C  or  returned  to  the  Anatomical  Board  for  disposal. 


APPENDIX  B 

MARROW  DIGESTION  AND  GD-DOPED  WATER  INFILTRATION  PROCEDURES 
Several  methods  of  removing  the  marrow  from  trabecular  bone  cubes  were 
explored  for  this  research.  These  methods  included  the  use  of  different  alcohol  solutions. 
However,  for  all  of  the  images  in  this  work,  a  5%  sodium  hypochlorite  solution  was  used 
to  digest  the  marrow  in  the  samples.  Listed  below  is  the  protocol  used  in  this  study.  This 
protocol  is  written  to  assist  future  students  on  the  project  who  will  need  to  prepare 
sectioned  bone  cubes  for  Gd-doped  water  imaging. 

1)  Physically  cut  the  sample  into  the  desired  dimensions  (this  requires  the 
removal  of  the  cortical  shell  and  can  be  accomplished  at  the  State  of  Florida 
Anatomical  Board). 

2)  Fill  a  600  mL  beaker  full  of  bleach  (5%  sodium  hyopchlorite)  and  place  a  bar 
magnet  in  the  solution. 

3)  Suspend  the  sample  in  the  solution 

a)  This  requires  you  to  place  the  sample  in  a  noncorrosive  holder.  The 
best  choice  is  the  black  mesh  located  in  the  laboratory  at  the  New 
Engineering  Building. 

b)  To  properly  secure  the  sample  in  the  mesh,  zip  ties  are  used  to  tighten 
the  mesh  around  the  sample. 
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c)  Place  a  zip  tie  through  the  mesh  and  fasten  it  to  something  capable  of 
supporting  the  sample  (e.g.,  3"  square  metal  sheets  with  holes). 

d)  Place  the  metal  sheet  over  the  top  of  the  beaker. 
Place  the  beaker  onto  the  magnetic  stirrer. 

Turn  magnetic  stirrer  to  high. 

Replace  the  bleach  every  2-4  hours.  (2  hours  first  and  then  longer  as  most  of 
the  marrow  is  digested). 

Wash  the  sample  with  water  between  bleach  changes. 

After  all  the  marrow  has  been  removed  from  the  sample,  the  sample  can  be 
stored  or  water  can  be  introduced  into  the  spaces. 

To  introduce  water  into  the  spaces,  a  container  is  filled  with  Gd-doped  water 
(10  drops  per  sample  container)  and  placed  in  a  vacuum  chamber. 
The  sample  is  placed  in  the  container  in  the  vacuum  chamber. 
A  vacuum  is  applied  to  the  chamber. 

Whiled  under  vacuum,  the  chamber  is  slightly  tapped  on  the  table  to  help  free 
any  trapped  air  pockets. 
The  vacuum  is  removed. 

The  sample  is  rotated  such  that  a  different  face  of  the  sample  is  facing  up. 
Steps  11)  -  14)  are  repeated  until  all  faces  are  exposed  to  the  top  of  the 
container. 

A  smaller  container  (the  one  the  sample  will  be  in  when  imaged)  is  lowered 
into  the  water  and  the  sample  is  placed  inside  the  container  without  ever 
leaving  the  water  thus  preventing  air  from  being  introduced  into  the  sample. 
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The  container  is  sealed  making  sure  not  to  allow  any  air  bubbles  into 
container. 


APPENDIX  C 
NMR  MICROSCOPY  PROCEDURES 

Outlined  below  is  the  protocol  used  at  the  University  of  Florida  to  acquire  3D 

images  using  a  Bruker  20-cm  wide  bore  Avance  Imaging  Spectrometer,  operating  at  a 

200-MHz  proton  resonance  (4.7  T  magnetic  field  strength).  It  is  written  to  help  fiiture 

students  operate  this  spectrometer.  When  applicable,  examples  of  parameters  are  given 

for  both  marrow  intact  samples  and  Gd-doped  water  samples. 

1)  Turn  on  gradients  (far  right  box). 

2)  Turn  on  chiller  (far  left  box). 

3)  Log  on  using  the  Bolch  account. 

4)  Start  Paravision  2  (Click  on  it  in  the  menu). 

5)  Make  sure  that  Xwin  stays  open  but  shrink  it  out  of  the  way. 

6)  Enter  a  patient  (Bolch,  Wes). 

7)  Enter  a  study  (PV2  Test). 

8)  Enter  in  a  one  pulse  scan. 

9)  Open  both  the  reco  and  acq  display. 

1 0)  Open  the  control  tool  from  the  tool  box  (hammer  and  screw  driver). 

1 1 )  Tuning  the  coil 

a)  Hook  a  50  Q  resistor  to  one  cable  of  the  coil. 

b)  Place  coil  in  the  copper  magnet  simulator. 

c)  Hook  the  other  cable  to  the  HP  Network  Analyzer  (reflection  side). 
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d)  Hit  start  (on  analyzer)  and  set  it  to  1 90  MHz. 

e)  Hit  Stop  (on  analyzer)  and  set  it  to  2 1 0  MHz. 

f)  Hit  Marker  (on  analyzer)  and  set  it  to  200. 1 8  MHz. 

g)  Use  tuning  rod  to  turn  one  screw  of  the  cable  hooked  to  the  analyzer  in 
order  to  set  the  dip  of  the  display  on  the  marker. 

h)  Use  tuning  rod  to  turn  the  other  screw  of  the  cable  hooked  to  the  analyzer 
in  order  to  deepen  the  dip. 

i)  Repeat  all  of  1 0)  for  the  other  connection  of  the  coil 
j)   Repeat  until  satisfied  (at  least  twice) 

k)  Turn  off  the  HP  Network  Analyzer 

12)  Hooking  the  quadrature  coil  up  to  the  magnet 

a)  Unhook  the  third  wire  (next  to  bottom)  hooked  to  the  magnet  leg  (green 
light  box  located  behind  the  magnet). 

b)  Connect  the  RF  line  that  was  removed  above  to  the  ISOL  side  of  the 
quadrature  combiner. 

c)  Connect  the  other  cable  from  the  '^F  slot  to  the  "in"  connector  of  the 
quadrature  combiner. 

d)  Connect  the  quadrature  combiner  to  the  coil. 

i)  Connect  the  90°  line  to  the  connector  on  the  coil  marked  90°. 

ii)  Connect  the  other  line  to  the  0°  connector  on  the  coil. 

1 3)  Set  the  Attenuation 

a)  HitGSP. 

b)  Enlarge  the  more  screen  in  the  ACQ  display. 
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c)  Increase  or  decrease  the  attenuation  (TX  Attenuator  0  and  TX  Attenuator 
1)  until  the  area  in  the  more  screen  is  the  largest. 

d)  1 50  is  the  most  attenuation  and  -6  will  damage  the  machine. 

e)  6-300  are  normal  values  for  Attenuator  0. 

1 4)  Set  the  off-set  frequency 

a)  Move  the  scroll  bar  until  the  RECO  display  is  aligned  on  the  Y-axis. 

b)  Hit  set  frequency  button. 

1 5)  Set  the  shim  values 

a)  In  tools  of  the  control  tool  menu,  open  the  shim  tool. 

b)  In  the  shim  tool  load  shim  values  (small  sphere)  from  our  directory. 

c)  Adjust  X,  y,  z,  and  z2  until  the  area  under  the  curve  is  a  maximum  (the 
value  under  the  more  screen  is  a  maximum). 

d)  Reset  the  off-set  frequency. 

1 6)  Set  the  Receiver  Gain 

a)  Want  the  free  induction  decay  (FID)  signal  to  be  between  50  and  80% 
(RG~  15-200). 

b)  Adjust  the  RG  slide  bar  until  the  desired  percentage  of  filling  occurs. 

c)  Change  the  RG  every  time  the  matrix  size  or  FOV  are  changed  on  the 
experiment. 

1 7)  Note  the  following  for  a  one  pulse  scan 

a)  Spectral  width  =  50KHz  or  100000  MHz. 

b)  Pulse  length  =  50  ^s. 

c)  Acq.  Size  =  2048. 
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d)  Rep  time  =  0.5  s. 
Run  a  pilot  scan  (can  use  3DSE  or  a  multislice  2D  scan) 

a)  Clone  the  one-pulse  scan. 

b)  Change  the  scan  to  SE3D_BT. 

c)  SetthelMND. 

i.  We  want  the  matrix  size  to  be  small  enough  to  image  in  a  few 
minutes  (normally  128  x  16  x  16). 

1 .  Edit  Matrix  dimensions  under  IMND  Geo. 

ii.  Edit  the  FOV  (5  x  5  x  5  is  a  good  starting  point). 

1 .  Edit  Field  of  view  under  set  IMND  Geo. 

iii.  Edit  viewing  axis  (front  to  rear). 

iv.  Number  of  averages  (1 ). 
V.  TR=  100  msec. 

vi.  Spectral  width  =  75KHz. 

vii.  TE  should  be  as  small  as  it  will  allow  (about  10  msec). 

viii.  Set  Homospoil  to  0.5,  2.5,  or  3.5  msec. 

d)  Hit  GSP  to  start  the  pilot  scan  run. 

i.  Check  to  make  sure  TXO  is  set  right  by  adjusting  it  and  watching 
the  filling  percentage.  Reduce  the  attenuation  as  long  as  the  filling 
is  increasing  (TXO  ~  10-20).  Once  the  filling  decreases,  you  have 
overtipped  the  pulse, 
ii.  While  the  scan  is  running  under  GSP,  change  the  RG  until  the 
filling  is  50-70%. 
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e)  Hit  Stop. 

f)  Hit  GOP  to  start  the  acquisition. 

g)  Bring  up  image  display  program. 

h)  Drag  image  to  the  image  display  program  using  the  middle  mouse  button. 

i)  Bring  up  3D  multi-view. 

j)   Adjust  the  axes  until  the  image  is  centered. 

k)  If  the  sample  is  not  properly  positioned  in  the  magnet,  reposition  the 
sample  using  information  obtained  in  j)  and  repeat  the  above  until  the 
sample  is  centered. 

1 9)  After  the  sample  is  properly  positioned  run  the  experiment  with  the  parameters 
you  want 

a)  Small  as  possible  field  of  view 

b)  1  -4  averages 

c)  Matrix  sizes  of  5 1 2  x  256  x  256 

d)  For  a  real  acquisition  TR  =  1 00-200  msec  for  water  images  and  TR  = 
1000-1500  msec  for  marrow  intact  images. 

e)  TE  should  stay  as  small  as  possible  (~13  msec). 

f)  Reconstruction  should  be  set  to  8  for  a  true  run.  You  edit  this  under  the 
EDIT  RECO. 

20)  To  turn  off  RECO 

a)  Hit  edit  GS  button 

b)  Turn  On-line  Reconstruction  to  NO 

c)  Hit  GSP  and  increase  the  power  until  50%  -  80%  filling 
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d)  Hit  Stop 

e)  Hit  GOP 
21)  Special  Information 

a)  Every  time  you  edit  GEO,  the  reconstruction  value  is  set  to  16.  To  display 
the  reco  on  the  screen,  you  need  to  go  under  EDIT  RECO  and  change  this 
to  32.  Remember  that  for  a  run  you  want  this  to  be  8. 

b)  Center  of  our  coil  needs  to  be  9.5  cm  above  the  tray. 

c)  Sample  needs  to  be  9.3  cm  in  the  coil. 

d)  Matrix  0  is  the  horizontal  axis  (z-axis). 

e)  Matrix  1  is  the  vertical  axis  (y-axis). 

f)  Matrix  2  is  the  depth  axis  (x-axis). 

g)  Negative  horizontal  number  in  3D  view  means  move  sample  right  (facing 
magnet). 

h)  Negative  vertical  number  in  3D  view  means  move  sample  down. 

i)  Positive  horizontal  number  in  3D  view  means  move  sample  left  (facing 
magnet). 

j)   Positive  vertical  number  in  3D  view  means  move  sample  up. 
k)  Resolution  equals  FOV/matrix  size. 

1)   Data  is  stored  under  /data^/bolch/nmr/PV2.0. 1 . WB  1/study 

number/pdata/1. 
m)  The  telnet  address  is  10.227.84.63. 


APPENDIX  D 
OPTICAL  MICROSCOPY  PROCEDURES 

The  following  outline  is  a  step  by  step  guide  to  produce  2D  slices  from  bone 

cubes.  Images  can  then  be  captured  from  the  slices  using  a  standard  microscope. 

1)  Place  the  specimen  (marrow  digested  bone  cube)  in  a  70%  alcohol  solution  for 
24  hours. 

2)  Place  the  specimen  in  a  80%  alcohol  solution  for  24  hours. 

3)  Place  the  specimen  in  a  95%  alcohol  solution  for  24  hours. 

4)  Place  the  specimen  in  100%  alcohol  for  24  hours. 

5)  Place  the  specimen  in  xylene  24  hours. 

6)  Place  the  specimen  in  a  solution  of  75  cc  Methyl  methacrylate  and  25  cc  of 
Dibutyl  phthalate  for  4-6  hours. 

7)  Place  the  specimen  in  a  solution  of  75  cc  Methyl  methacrylate,  25  cc  of 
Dibutyl  phthalate,  and  1  g  of  Benzoyl  peroxide  for  4-6  hours. 

8)  Place  the  specimen  in  a  solution  of  75  cc  Methyl  methacrylate,  25  cc  of 
Dibutyl  phthalate,  and  2.5  g  of  Benzoyl  peroxide  for  4-6  hours. 

9)  Prepare  a  polymerized  layer  of  a  solution  of  75  cc  Methyl  methacrylate,  25  cc 
of  Dibutyl  phthalate,  and  2.5  g  of  Benzoyl  peroxide  in  the  bottom  of  a  plastic 
container.  Seal  container  and  leave  at  room  temperature  overnight.  Then 
place  container  in  a  42°  C  oven  for  1-3  days. 
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10)  Place  the  infiltrated  specimen  on  the  polymerized  layer  and  fill  the  container 
with  the  solution  of  75  cc  Methyl  methacrylate,  25  cc  of  Dibutyl  phthalate, 
and  2.5  g  of  Benzoyl  peroxide.  Leave  the  container  at  room  temperature  for 
5-7  days.  Then  place  the  container  in  a  42°  C  oven  for  2-5  days. 
Polymerization  should  occur  during  this  time. 

1 1)  The  embedded  specimen  can  now  be  physically  sectioned  into  slices  thickness 
of  the  desired  thickness. 

12)  The  slices  are  stored  in  a  70%  alcohol  solution. 


APPENDIX  E 

OPTIMAL  THRESHOLD  DETERMINATION  METHOD 


To  determined  the  optimal  threshold  for  3D  NMR  images,  there  are  four  steps 
required.  Listed  below  are  the  four  steps  needed.  Furthermore,  the  C-programs  used  to 
accomplish  steps  1),  2),  and  4)  are  given.  Step  3)  was  accomplished  using  a  standard 
graphing  program.  Equation  1  given  in  Chapter  2  was  fit  to  the  gray-level  histogram 
created  in  step  2).  After  fitting  the  histogram,  the  four  unknown  parameters  of  Equation 
5  were  determine  and  entered  into  the  C-program  of  step  4).  Note  that  this  method  uses 
the  tissue  classification  model  of  Chung  et  al.  (1995)  and  is  only  valid  for  water  images. 

1)  Extract  slices  from  the  3D  NMR  image  in  order  to  determine  a  region  of 
interest  by  visually  inspecting  the  slices  of  each  plane. 

2)  Create  a  gray  level  histogram  from  the  region  of  interest 

3)  Fit  the  gray  level  histogram  to  a  Rayleigh-Gaussian  distribution  to  determine 
the  four  unknown  parameters. 

4)  Choose  the  threshold  value  that  minimizes  the  error  due  to  falsely  classifying 
a  bone  voxel  as  a  marrow  voxel  and  vice  versa. 

Slice  Extraction  C-program  (I  plane) 

#include  <stdio.h> 
#defme  Imax  256 
#define  Jmax  512 
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#define  Kmax  256 

unsigned  char  image[Imax][Jmax][Kmax 
main  () 

{ 

int  i,  j,  k; 
char  output[50]; 
FILE  *inp; 
FILE  *out; 

inp  =  fopen("M405.gray","rb"); 
if(inp==NULL) 

printfC'error  opening  file\n"); 
else  { 

for  (i=0;  i<Imax;  i++)  { 
for  (j=0;  j<Jmax;  j++)  { 
for  (k=0;  k<Kmax;  k++)  { 
fread(&image[i]  D]  [k] ,  1 , 1  ,inp); 

} 

} 

} 

fclose(inp); 

for  (i=0;  i<Imax;  i++)  { 
sprintf(output,  "ISlice/slice%d.gray" 
out=fopen(output,"wb" ); 
for  (j=0;  j<Jmax;  j++)  { 
for  (k=0;  k<Kmax;  k++)  { 
fwrite(&image  [i]  D  ]  [k] ,  1 , 1  ,out); 

} 

} 

fclose(out); 

} 

} 

return  0; 

} 

Gray  Level  Histogram  C-program 

#include  <stdio.h> 


main(int  argc,  char  *argv[]) 
{ 

int  i,  j,  area,k,  c,temp; 

float  pdf[256]; 

int  tmpiml; 
float  red[256]; 
unsigned  char  iml; 
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FILE  *inp; 
FILE  *otp; 

int  width=256,  height=512,  depth=256; 

char  inputfile[30]; 

char  outputfile[30]; 

int  Imin,Jmin,Imax,Jmax,Kniin,Kmax; 

if(argc!=9) 

printf("Usage:  hist  input  output  Imin  Imax  Jmin  Jmax  Kmin  kmax\n"); 
else  { 

inp=fopen(argv[l],  "rb"); 

Imin  =  atoi(argv[3]); 
Imax  =  atoi(argv[4]); 
Jmin  =  atoi(argv[5]); 
Jmax  =  atoi(argv[6]); 
Kmin  =  atoi(argv[7]); 
Kmax  =  atoi(argv[8]); 

area=0; 

for(i=0;  i<256;  i++)  { 
red[i]=0; 

} 

/*Reading  the  file*/ 
for(i=0;  i<width;  i++) 
forG=0;j<height;j++) 
for(k=0;k<depth;  k++){ 
if  (!fread(«feiml,l,l,inp))  printf("error  reading\n"); 
tmpiml  =  iml; 

if(i>Imin  &&  i<Imax  &&  j>Jmin  &&  j<Jmax  &&  k>Kmin  &&  k<Kmax)  { 
red[tmpim  1  ]=red[tmpim  1  ]+ 1 ; 
area=area+l; 

} 

} 

fclose(inp); 

/♦Compute  and  display  Probability  Density  Function*/ 
otp=fopen(argv[2],  "w"); 
for(i=0;  i<256;  i++)  { 

pdfl^i]=  red[i]/area; 

fprintf(otp,  "%.8An",  pdfli]); 

/*fprintf(otp,  "%d\n",  red[i]);*/ 
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/*fwrite(&pdfIi],l,l,otp);*/ 

} 

fclose(otp); 
return  0; 

} 
} 


Threshold  Determination  C-program 

#include  <stdio.h> 
#include  <math.h> 

main() 
{ 

intij; 

float  a,b,c,thresh; 
float  M,SigM,SigB,mu; 

printfC'Enter  M:  "); 
scanf("%f &M); 
printfC'Enter  SigB:  "); 
scanf("%f &SigB); 
printfC'Enter  SigM:  "); 
scanf("%f' ,  «&SigM); 
printfC'Enter  mu: "); 
scanf("%f' ,  &mu); 

printf("THRESH\t\tDifference\n"); 
/*Reading  the  file*/ 

for(thresh=l;  thresh<100;  thresh=thresh+l)  { 

a=thresh*(]-M)*sqrt(2*3.14159)*SigM/((SigB*SigB)*M); 

b=exp(-(thresh-mu)*(thresh-mu)/(2*SigM*SigM)+thresh*thresh/(2*SigB*SigB)); 

c=a-b; 

if(c<100  &&  O-lOO) 
printf("%At%An",  thresh,c); 

} 

return  0; 
} 


APPENDIX  F 

IMAGE  SEGMENTATION  ALGORITHM  AND  C-PROGRAM 

/*  Phillip  W.  Patton 

/*  12/7/99 

/*  Program  Converts  a  3D  image  from  gray  level  to 
/*black  and  white 

#include  <stdio.h> 
main  () 

{ 

inti,j,k; 

unsigned  char  tmp; 
char  output[30]; 
FILE  *inp; 
FILE  *out; 

inp  =  fopen("med_thres.gray","rb"); 
out  =  fopen("M400_05.gray","wb"); 
if(inp==NULL) 

printf("error  opening  file\n"); 
else  { 

for  (i=0;  i<256;  i++)  { 
for0=0;j<512;j++){ 
for  (k=0;  k<256;  k++)  { 
fread(&tmp,  1 , 1  ,inp); 
if(tmp<40)  { 
tmp  =  0; 
} 

else  (tmp  =  255); 

if(i>119&&  i<226  &&  j>139      j<361  &&  k>79  &&  k<211)  { 
fwrite  (&tmp,  1 , 1  ,out); 

} 

} 

} 

} 

fclose(inp); 
fclose(out); 
} 

return  0; 
} 
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APPENDIX  G 

IMAGE  FILTERING  ALGORITHM  AND  C-PROGRAM 

#include  <stdio.h> 
#include  <stdlib.h> 
#include  <math.h> 
#define  SIZE  27 
#defme  WIDTH  256 
#define  HEIGHT  512 
#define  DEPTH  256 

inti,j,k,g,total; 

unsigned  char  gray[WIDTH] [HEIGHT] [DEPTH]; 
unsigned  char  tmp,smooth[WIDTH] [HEIGHT] [DEPTH]; 
FILE  *inp; 
FILE  *otp; 

int  width= WIDTH,  height=HEIGHT,  depth=DEPTH; 

main(int  argc,  char  *argv[]) 
{ 

int  x,y,bound,  omed,  c; 
int  hood[SIZE]; 


inp  =  fopen("thres.gray","rb"); 
otp  =  fopen("med_thres.gray","wb"); 
printf("opening  file\n"); 
for(i=0;  i<width;  i++) 
forG=0;  j<height;j++) 
for  (k=0;  k<depth;  k++){ 
if( !  fread(&gray  [i]  [j]  [k]  ,1,1  ,inp))printf("error  reading\n"); 
} 

fclose(inp); 

printf("finished  reading  file\n"); 
for(i=l;  i<width-l;  i++) 
for(i= 1 ;  j  <height- 1 ;  j++) 
for(k=l;k<depth-l;k++)  { 
totaHO; 

hood[0]=(int)gray[i-l][j][k]; 

hood[l]=10*(int)gray[i]0][k]; 

hood[2]=(int)gray[i+l][j][k]; 
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hood[3]=(int)gray[i-l]|j+l][k]; 
hood[4]=(int)gray[i][j+l][k]; 
hood[5]=(int)gray[i+l]0+l][k]; 
hood[6]=(int)gray[i-l]D-l][k]; 
hood[7]=(int)gray[i]U-l][k]; 
hood[8]=(int)gray[i+l][j-l][k]; 
hood[9]=(int)gray[i-l][i][k+l]; 
hoodj  1 0]=(int)gray  [i]  [j]  [k+ 1  ] ; 
hood[  1 1  ]=(int)gray  [i+ 1  ]  [j]  [k+ 1  ] ; 
hood[  1 2]=(int)gray  [i- 1  ]  U+ 1  ]  [k+ 1  ] ; 
hood[  1 3  ]=(int)gray  [i]  0+ 1  ]  [k+ 1  ] ; 
hood  [  1 4]=(int)gray  [i+ 1  ]  0 + 1  ]  [k+ 1  ] ; 
hood[  1 5]=(int)gray  [i- 1  ]  D- 1  ]  [k+ 1  ] ; 
hood[  1 6]=(int)gray  [i]  0  - 1  ]  [k+ 1  ] ; 
hood[  1 7]=(int)gray  [i+ 1  ]  [j- 1  ]  [k+ 1  ] ; 
hood[18]=(int)gray[i-l]D][k-l]; 
hood[  1 9]=(int)gray[i]  0]  [k- 1  ] ; 
hood[20]=(int)gray[i+ 1  ]  0]  [k- 1  ] ; 
hood[2 1  ]=(int)gray  [i- 1  ]  D+ 1  ]  [k- 1  ] ; 
hood[22]=(int)gray[i]|j+l][k-l]; 
hood[23]=(int)gray[i+l]|j+l][k-l]; 
hood[24]=(int)gray[i- 1  ]  D- 1  ]  [k- 1  ] ; 
hood[25]=(int)gray[i]0-l][k-l]; 
hood[26]=(int)gray  [i+ 1  ]  0- 1  ]  [k- 1  ]; 

for(g=0;  g<27;  g++)  { 
total  =  total  +  hood[g]; 
} 

if(total<3826)  { 
smooth[i][j][k]  =  0; 
} 

else  { 

smooth[i][j][k]  =  255; 
} 

} 

for(i=0;  i<width;  i++) 
forG=0;j<height;j++)  { 
smooth[i][j][0]  =  (int)gray[i]0][O]; 
smooth[i][j]  [depth- 1]  =  (int)gray[i][i][depth-l]; 
} 

for(i=0;j<height;j++) 
for(k=0;  k<depth;  k++)  { 
smooth[0][j][k]  =  (int)gray[O]0][k]; 
smooth[width-l][j][k]  =  (int)gray[width-l][j][k]; 
} 
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for(k=0;  k<depth;  k++) 
for(i=0;  i<width;  i++)  { 
smooth[i][0][k]  =  (int)gray[i][0][k]; 
smoothfi]  [height- l][k]  =  (int)gray[i]  [height- l][k]; 

} 


printf("finished  hood  section  \n"); 
for(i=0;  i<width;  i++) 
forO=0;j<height;j++) 

for(k=0;  k<depth;  k++)  { 

tmp  =  smooth  [i][j][k]; 

fwrite(&tmp,  1 , 1  ,otp); 

} 

fclose(otp); 
return  0; 
} 


APPENDIX  H 

EGS4  INFINITE  TRABECULAR  REGION  TRANSPORT  MODEL  (FEMORAL  AND 

HUMERAL  HEADS) 


%L 
%E 

UNDENT  M  4;    "INDENT  EACH  MORTRAN  NESTING  LEVEL  BY  4" 
!INDENT  F  2;    "INDENT  EACH  FORTRAN  NESTING  LEVEL  BY  2" 

"This  line  is  80  characters  long,  use  it  to  set  up  the  screen  width" 

"23456789|123456789|123456789|123456789|123456789|123456789|123456789|123456 

789" 


"  This  program  calculates  the  specific  absorbed  fractions  in  a  3  D  image  for  " 
"  a  random  source  located  in  the  marrow  or  the  bone  depending  on  the  type  of  " 
"  radionuclide  we  are  considering.  Fat  cells  will  be  in  the  images.  " 


"STEP  1:  USER-0VERRIDE-0F-EGS4-MACR0S 


REPLACE  {SMXMED}  WITH  {4}  "4  medium  in  the  problem(defauh  10)" 

REPLACE  {$MXREG}  WITH  {5}  "5  geometric  regions  (defauh  2000)" 

REPLACE  {$MXSTACK}  WITH  {50}        "less  than  50  particles  on  stack  at  once" 

"  This  is  a  program  that  is  writing  for  segmented  and  filtered  images.  " 

"REPLACE  FOR  PRESTA" 
REPLACE  {$STAT}  WITH  {1} 
REPLACE  {$MXDATA}  WITH  {2} 

REPLACE  {$CALL-HOWNEAR(TPERP)}  WITH  {CALL  DIST_REGION(TPERP);} 
"END  of  replace  for  presta" 

REPLACE  {$NB_PART}  WITH  {1000}      "  number  of  particles  for  each  run" 
REPLACE  {$NB_RUN}  WITH  {10}         "  number  of  run  for  each  energy" 
REPLACE  {$PI}  WITH  {3.1415926535897932D+00} 

REPLACE  { $X_VOXEL }  WITH  { 1 06 }    "  the  number  of  voxels  in  x  dimension" 
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REPLACE  {$Y_VOXEL}  WITH  {221 }  "  the  number  of  voxels  in  y  dimension  " 
REPLACE  { SZVOXEL }  WITH  { 1 3 1 }    "the  number  of  voxels  in  z  dimension  " 

REPLACE  {$X_MAX_VOXEL}  WITH  {106}  "  max  x  voxel  in  region  of  interest" 
REPLACE  {$Y_MAX_VOXEL}  WITH  {221 }  "  max  y  voxel  in  region  of  interest" 
REPLACE  {SZ  MAX  VOXEL}  WITH  {131}  "  max  z  voxel  in  region  of  interest" 
REPLACE  {$X_MIN_VOXEL}  WITH  { I }  "  min  x  voxel  in  region  of  interest" 
REPLACE  {$Y_MIN_VOXEL}  WITH  { 1 }  "  min  y  voxel  in  region  of  interest" 
REPLACE  {SZ  MIN  VOXEL}  WITH  { 1 }   "  min  z  voxel  in  region  of  interest" 

REPLACE  {$REG_MARROW}  WITH  {1} 
REPLACE  {SREG  BONE}  WITH  {2} 
REPLACE  {$REG_FAT}  WITH  {3} 
REPLACE  {$REG_OUTSIDE}  WITH  {5} 
REPLACE  {$REG_CORT}  WITH  {4} 

REPLACE  {$X_DIM}  WITH  {0.931640625}  "  in  centimeters,  x  direction" 
REPLACE  {$Y_DIM}  WITH  {1.9423828125}  "  in  centimeters,  y  direction  " 
REPLACE  {$Z_DIM}  WITH  {1.1513671875}  "  in  centimeters,  z  direction  " 
REPLACE  {$FEMUR_INNER_RADIUS}  WITH  {1002.5D+0} 
REPLACE  {$FEMUR_OUTER_RADIUS}  WITH  {1002.65D+0} 
"  irmerradius+corticalshell " 

REPLACE  {SBOUNDARY  WIDTH}  WITH  {l.OD-10} 

"  To  redefine  the  egs4  variables  into  Double  Precision  " 
REPLACE  {;COMIN/STACK/;}  WITH 

{;COMMON/STACKy$LGN(E,X,Y,Z,U,V,W,DNEAR,WT,IQ,IR,LATCH 

($MXSTACK)),LATCHI,NP; 

DOUBLE  PRECISION  E,X,Y,Z,U,V,W,DNEAR;} 

REPLACE  {;COMIN/EPCONT/;}  WITH 

{;COMMON/EPCONT/EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, 

RH0F,E0LD,ENEW,EKE,ELKE,BETA2,GLE,TSCAT,IDISC,IR0LD,IRNEW, 

IAUSFL($MXAUS); 

DOUBLE  PRECISION  EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, 
RH0F,E0LD,ENEW,ELKE,BETA2,GLE,TSCAT;} 


"DEFINE  A  COMMON  TO  PASS  INFORMATION  TO  THE  GEOMETRY  ROUTINE 
HOWFAR" 

REPLACE  {;COMIN/GEOM/;}  WITH 

{;COMMON/GEOM/  Image,  XVoxelDim,  YVoxelDim,  ZVoxelDim,NumParticle, 
Medl; 

CHARACTER  Image($X_VOXEL,$Y_VOXEL,$Z_VOXEL); 
DOUBLE  PRECISION  XVoxelDim,  YVoxelDim,  ZVoxelDim; 
INTEGER  NumParticle,  Medl ;} 
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"DEFINE  A  COMMON  TO  PASS  INFORMATION  FOR  YOUR  VARIABLE 

TRACKING  IN  AUSGAB" 

REPLACE  {;COMIN/ENERGI/;}  WITH 

{;COMMON/ENERGl/CumulEnergyOutside,CumulEnergyBone, 

CumulEnergyMaiTow,CumulEnergyFat,CumulEnergyEndo,CumulEnergyLost, 

CumulEnergy Cort,  CumulEnergyMarrow2 ; 

DOUBLE  PRECISION  CumulEnergyOutside,  CumulEnergyBone, 

CumuIEnergyFat,CumulEnergyEndo,CumulEnergyLost,CumulEnergyCort, 

CumulEnergyMarrow,  CumulEnergyMarrow2;} 

"HERE  YOU  NEED  TO  DEFINE  YOUR  RANDOM  NUMBER  GENERATOR:  " 

"  A  commonly  used  random  number  generator  is  Ranmar:  " 

"  Ranmar  is  a  long  sequence  RNG  by  Marsaglia  and  Zaman.  " 

"  It  is  a  pseudo  random  number  generator  returning  a  single  precision" 

"  real  number  between  0  (inclusive)  and  1  (exclusive).  " 

"  The  cycle  length  of  this  generator  is  2**  144  " 

"  Initialization  sunroutine  rmarin  is  required  " 

"  This  mg  is  described  in:  " 

"  'A  review  of  pseudorandom  number  generators  by  F  James'  " 

"  in  publication  dd/88/22  from  the  CERN  data  handling  division  " 

REPLACE  {;COMIN/RANDOM/;}  WITH  { 

;common/randomm/umdm(97),cmdm,cdrndm,cmrndm,r4opt,ixx,jxx; 
double  precision  umdm,crndm,cdmdm,cmmdm,r4opt; 
integer  ixxjxx;  } 

REPLACE  {$RNG-INITIALIZATION;}  WITH  {;call  rmarin;}  ; 

REPLACE  {$COMMON-RANDOM-DECLARATION-IN-BLOCK-DATA;}  WITH 

{;COMIN/RANDOM/;}  ; 

REPLACE  {$RANDOMSET#;}  WITH 

{  r4opt  =  urndm(ixx)  -  umdm(jxx); 

IF(r4opt  <  0)  r4opt  =  r4opt  +  1 ; 

urndm(ixx)  =  r4opt; 

ixx  =  ixx  -  1 ;  IF(ixx  =  0)  ixx  =  97; 

jxx  =jxx  -  1;  IF(jxx  =  0)  jxx  =  97; 

crndm  =  cmdm  -  cdmdm; 

IF(cmdm  <  0)  cmdm  =  cmdm  +  cmrndm; 

r4opt  =  r4opt  -  cmdm; 

IF(r4opt  <  0)  r4opt  -  r4opt  +  I ; 

{Pl}=r4opt;}; 


"HERE  NEED  TO  DEFINE  THE  COMMON  FOR  THE  MAIN  PROGRAM  " 
"USING  THE  COMIN  MACRO  DEFINE  IN  EGS4" 
BOUNDS  CONTAINS  ECUT  AND  PCUT" 
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GEOM  PASSES  INFO  TO  OUR  HOWFAR  ROUTINE" 
MEDIA  CONTAINS  THE  ARRAY  MEDIA" 
MISC  CONTAINS  MED" 
THRESH  CONTAINS  AE  AND  AP" 
"ENERGl  PASSES  INFO  TO  THE  AUGAB  ROUTINE" 

;C0MIN/EPC0NT,GE0M,STACK,B0UNDS,MEDIA,MISC,THRESH,ENERG1,RAN 
DOM, 

USEFUL,ELECIN,USER-STEP-CONTROLS,USER-PRESTA/; 


"NEED  TO  CODE  ALL  THIS  INFORMATION" 

INTEGER  FileEnergies; 
PARAMETER  (  FileEnergies  =  24  ); 

DOUBLE  PRECISION  KineticEnergy; 
REAL  XIN,  YIN,  ZIN,  UIN,  VIN,  WIN; 
INTEGER  IRIN,  I; 

INTEGER  NumRun,  NumX,  NumY,  NumZ; 
INTEGER  IDINT; 
INTEGER  NumByte; 

DOUBLE  PRECISION  AFMarrow2,  AFMarrow,  AFBone,  AFOutside,  AFEndo, 
TotalAF; 

DOUBLE  PRECISION  MeanAFMarrow,  MeanAFMarrow2,  MeanAFBone, 
MeanAFEndo; 

DOUBLE  PRECISION  MeanAFOutside,  StdDevAFOutside,  TotalLost,  MeanAFLost; 
DOUBLE  PRECISION  StdDevAFMarrow,  StdDev AFBone, 
StdDevAFEndo,StdDevAFLost; 
DOUBLE  PRECISION  StdDev AFMarrow2,  AFFat,  MeanAFFat,  StdDev AFFat; 
DOUBLE  PRECISION  StdDevAFCort,  AFCort,  MeanAFCort; 
DOUBLE  PRECISION  StdDevAFFat2,  AFFat2,  MeanAFFat2; 
CHARACTER  tmp; 
LOGICAL  NoMoreEnergy; 

"  functions  invoked " 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  DSQRT,  IDINT; 


"STEP  2  PRE-HATCH-CALL-INITIALIZATION 


"PLACE  MEDIUM  NAME  IN  AN  ARRAY" 
"  $S  IS  A  MORTRAN  MACRO  TO  EXPAND  STRINGS  " 
"  $TYPE  IS  INTEGER  (F4)  OR  CHARACTERS  (F77)  " 
"  DEPENDING  ON  THE  EGS4  VERSION  BEING  USED  " 
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"IN  ORDER  TO  MATCH  THE  TYPE  OF  MEDIA  " 
$TYPE  TEMP(24,$MXMED)  /$S'MARR0W',18*' ', 

$S'BONE',20*' 

$STAT',21*", 

$S'TISSUEM8*"/; 

NMED  =  $MXMED;      "Set  number  of  mediums." 
NREG  =  $MXREG;      "Set  number  of  regions." 

DO  J  =  1,NMED  [  DO  I=1,24[MEDIA(I,J)=TEMP(I,J);]  ] 

"THIS  IS  TO  AVOID  A  DATA  STATEMENT  FOR" 

"  A  VARIABLE  IN  COMMON" 

"DUNIT  DEFAULT  TO  1,  I.E.  WE  WORK  IN  CM" 

MED($REG_MARROW)  =  I; 
MED($REG_BONE)  =  2; 
MED($REG_FAT)  =  3; 
MED($REG_OUTSIDE)  =  4; 
MED($REG_CORT)  =  2; 

"  To  terminate  electron  and  photon  histories  at  10  keV  " 
ECUT  IS  TOTAL  ENERGY  IN  MEV  " 

ECUT($REG_MARROW)  =  0.521; 
PCUT($REG_MARROW)  =  0.010; 
ECUT($REG_BONE)  =  0.521; 
PCUT($REG_BONE)  =  0.010; 
ECUT($REG_FAT)  =  0.521; 
PCUT($REG_FAT)  =  0.010; 
ECUT($REG_OUTSIDE)  =  0.521; 
PCUT($REG_OUTSIDE)  =  0.010; 
ECUT($REG_CORT)  =  0.521; 
PCUT($REG_CORT)  =  0.010; 


"STEP  3  HATCH-CALL 


CALL  HATCH;"    PICK  UP  CROSS  SECTION  DATA  FOR  BONE  AND  TISSUE" 
DATA  FILE  MUST  BE  ASSIGNED  TO  UNIT  12" 

"  Initialization  for  random  number  generator  " 
IXX  =  0;  JXX  =  0; 
$RNG-INITIALIZATION; 


IQIN=-1; 


"  will  start  with  electrons  " 
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"need  to  read  in  the  image  here" 

OPEN(25,  FILE='../../../images/M400/05/M400_05.10.gray', 
ACCESS='DIRECT',ERR=95,  F0RM='F0RMATTED',RECL=1); 
GOTO  101; 

95  PRINT  *,  'error  opening'; 

101  PRINT*, 'after open'; 

NumByte  =  1 ; 
DO  NumX=l,$X_VOXEL  [ 
DO  NumY=l.$Y_VOXEL  [ 
DO  NumZ=l,$Z_VOXEL  [ 
READ(25,  '(Al)',  REC=NumByte)  tmp; 
Image(NumX,NumY,NumZ)=tmp; 
NumByte  =  NumByte  +1 ; 
] 

] 

] 

CLOSE  (25); 


"SET  UP  OF  PRESTA  STUFF  HERE  SO  WE  CAN  CONTROL  STEP  SIZE 
ECUTMN=ECUT(1);  "THE  GLOBAL  ECUT  (kinetic+rest  mass)" 
IOUT=22; 
IOLDTM=0; 

EK0=5.00;  "MAXIMUM  ENERGY  ELECTRON  IN  THE  SIMULATION" 
ESTEPE=0.05; 

DO  J=1,$MXMED  [ESTEPR(J)=ESTEPE;] 
SPRESTA-INPUTS; 

$PRESTA-INPUT-SUMMARY; "  Output  Presta  info  to  output  file 


"  Openning  the  output  file  for  the  results  " 

PRINT  *,  'Specific  absorbed  fraction  calculation  for  femur  head  sample.'; 
IF  ( IQIN  .EQ.  0  )  [ 

PRINT  *,  'Calculation  is  performed  for  photons.'; 

] 

ELSE  [ 

PRINT  *.  'Calculation  is  performed  for  electrons.'; 
] 

PRINT  *,  'For  each  energy:  nb  runs:  ',  $NB_RUN; 
PRINT  *, '    nb  particle  per  run: ',  SNB  PART; 

"  for  all  the  kinetic  energies  that  are  in  the  input  file  " 

OPEN  (  UNIT=FileEnergies,  FILE='../energies.input',  STATUS='old' ); 

NoMoreEnergy  =  .FALSE.; 
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LOOP  ["  until  no  more  energies  in  the  file  " 
"  reading  a  new  energy  with  test  if  EOF  " 
READ  (  FileEnergies,  *,  END  =  :EndEnergy: )  KineticEnergy; 
GO  TO  :NextEnergy:; 
:EndEnergy:  NoMoreEnergy  =  .TRUE.; 
:NextEnergy:  CONTINUE; 
IF  ( .NOT.  NoMoreEnergy  )  [ 
PRINT  *,  "; 

PRINT  *,  'New  energy: ',  REAL(KineticEnergy); 
"  STEP  4  INITIALIZATION-FOR-HOWFAR  " 

It  M 

"  enter  the  voxel  dimensions  " 

"  ?VoxelDim  is  the  dimension  of  the  voxels  " 

"  ?_DIM  is  the  centimeters  in  the  ?  direction  " 

"  ?_VOXEL  is  the  number  of  voxels  in  the  ?  direction  " 

XVoxelDim  =  $X_DIM  /  SX  VOXEL; 
YVoxelDim  =  $Y_DIM  /  SY  VOXEL; 
ZVoxelDim  =  $Z_DIM  /  $Z_VOXEL; 

II   II 

"  STEP  5  INITIALIZATION-FOR-AUSGAB  " 
II  II 


"  II 

"  STEP  6  DETERMINATION-OF-INICIDENT-PARTICLE-PARAMETERS 


"  Define  initial  variables  " 

IF  ( IQIN  .EQ.  0  )  [ 
EIN=KineticEnergy;  "  with  initial  kinetic  energy" 
] 

ELSE  [ 

EIN=KineticEnergy  +  PRM; "  with  initial  kinetic  energy" 
] 

WTIN=1 .0;        "  weight  =  I  since  no  variance  reduction  used" 

"  Initialization  of  the  absorbed  fraction  " 

MeanAFMarrow  =  0.0; 
StdDevAFMarrow  =  0.0; 
MeanAFMarrow2  =  0.0; 
StdDevAFMarrow2  =  0.0; 
MeanAFBone  =  0.0; 
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StdDevAFBone  =  0.0; 
MeanAFFat  =  0.0; 
StdDevAFFat  =  0.0; 
MeanAFFat2  =  0.0; 
StdDevAFFat2  =  0.0; 
MeanAFEndo  =  0.0; 
StdDevAFEndo  =  0.0; 
MeanAFLost  =  0.0; 
StdDevAFLost  =  0.0; 
MeanAFCort  =  0.0; 
StdDevAFCort  =  0.0; 
TotalAF  -  0.0; 
MeanAFOutside  =  0.0; 
StdDevAFOutside  =  0.0; 

DO  NumRun=l,$NB_RUN  [ 
PRINT  *, '  Run  no:',  NumRun;" 
"  Initialization  of  the  cumulated  energy  " 

CumulEnergyMarrow  =  0.0; 
CumuIEnergyBone  =  0.0; 
CumulEnergyFat  =  0.0; 
CumulEnergyEndo  =  0.0; 
CumuIEnergyOutside  =  0.0; 
CumulEnergyCort  =  0.0; 
CumulEnergyMarrow2  =  0.0; 
CumulEnergyFat2  =  0.0; 

DO  NumParticle=l,  $NB_PART  [  "loop  on  the  number  of  particle" 
IF  (  MOD(NumParticle,100)  .EQ.  0  )  [ 
PRINT  *, '    Particle: ',  NumParticle;" 

] 

CALL  SourceMarrow(XIN,YIN,ZIN,UIN,VIN,WIN,IRIN); 

'I   M 

"STEP?  SHOWER-CALL" 
"   II 

"  call  of  the  SHOWER  subroutine  to  transport  one  particle  " 

CALL  SHOWER(IQIN,EIN,XIN,YIN,ZIN,UIN,VIN,WIN,IRIN,WTIN); 

]  "  end  loop  on  the  number  of  particles  " 

"  to  calculate  the  absorbed  fraction  " 

AFMarrow  =  CumulEnergyMarrow  /  ($NB_PART  *  KineticEnergy); 
AFBone  =  CumuIEnergyBone  /  (SNB  PART  *  KineticEnergy); 
AFFat  =  CumulEnergyFat  /  ($NB_PART  *  KineticEnergy); 
AFFat2  =  CumulEnergyFat2  /  (SNB  PART  *  KineticEnergy); 
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AFEndo  =  CumulEnergyEndo  /  ($NB_PART  *  KineticEnergy); 
AFLost  =  CumulEnergyLost  /  ($NB_PART  *  KineticEnergy); 
AFCort  =  CumulEnergyCort  /  ($NB_PART  *  KineticEnergy); 
AFOutside  =  CumulEnergyOutside  /  ($NB_PART  *  KineticEnergy); 
AFMarrow2  =  CumulEnergyMarrow2  /  ($NB_PART  *  KineticEnergy); 

TotalAF  =  AFMarrow+AFBone+AFFat+AFCort+AFEndo+AFOutside+AFLost; 


PRINT  *;  DATA  FOR  THIS  RUN:';" 

PRINT  *;  AF  for  Bone:     ',  AFBone;" 

PRINT  *;  AF  for  Marrow:  AFMarrow;" 

PRINT  *;  AF  for  Fat:      ',  AFFat;" 

PRINT  *;  AF  for  Endosteum: AFEndo;" 

PRINT  *;  AF  lost:  AFLost;" 

PRINT  *,'AF  for  Cortical:  ',  AFCort;" 

PRINT  *;  AF  for  Outside:  ',  AFOutside;" 

PRINT  *;  Total  AF:        ',  TotalAF;" 

PRINT  *;  AF  for  Marrow  -  Endo  ',  AFMarrow2;" 


"  to  cumulate  for  the  statistical  data  " 


MeanAFMarrow  =  MeanAFMarrow  +  AFMarrow; 
MeanAFBone  =  MeanAFBone  +  AFBone; 
MeanAFFat  =  MeanAFFat  +  AFFat; 
MeanAFFat2  =  MeanAFFat2  +  AFFat2; 
MeanAFEndo  =  MeanAFEndo  +  AFEndo; 
MeanAFOutside  =  MeanAFOutside  +  AFOutside; 
MeanAFCort  =  MeanAFCort  +  AFCort; 
MeanAFLost  =  MeanAFLost  +  AFLost; 
MeanAFMarrow2  =  MeanAFMarrow2  +  AFMarrow2; 

StdDev  AFMarrow  =  StdDev  AFMarrow  +  AFMarrow*  AFMarrow; 
StdDevAFMarrow2  =  StdDevAFMarrow2  +  AFMarrow2*AFMarrow2; 
StdDevAFBone  =  StdDevAFBone  +  AFBone*AFBone; 
StdDevAFFat  =  StdDev  AFFat  +  AFFat*AFFat; 
StdDevAFFat2  =  StdDevAFFat2  +  AFFat2*AFFat2; 
StdDevAFEndo  =  StdDevAFEndo  +  AFEndo*AFEndo; 
StdDevAFOutside  =  StdDev  AFOutside  +  AFOutside*AFOutside; 
StdDevAFCort  =  StdDevAFCort  +  AFCort*AFCort; 
StdDev  AFLost  =  StdDevAFLost  +  AFLost*AFLost; 
] 

"  to  calculate  the  statistical  data  " 
MeanAFBone  =  MeanAFBone  /  $NB_RUN; 

StdDevAFBone  =  StdDevAFBone  -  $NB_RUN*MeanAFBone*MeanAFBone; 
StdDevAFBone  =  StdDevAFBone  /  ($NB_RUN  -  1); 
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StdDevAFBone  =  DSQRT(StdDevAFBone); 

MeanAFMarrow  =  MeanAFMarrow  /  $NB_RUN; 

StdDevAFMarrow  =  StdDevAFMarrow  - 
$NB_RUN*MeanAFMarrow*MeanAFMarrow; 

StdDevAFMarrow  =  StdDevAFMarrow  /  ($NB_RUN  -  1); 

StdDevAFMarrow  =  DSQRT(StdDevAFMarrow); 

MeanAFMarrow2  =  MeanAFMarrow2  /  $NB_RUN; 

StdDevAFMarrow2  =  StdDevAFMarrow2- 
$NB_RUN*  MeanAFMarrow2  *  MeanAFMarrow2 ; 

StdDevAFMarrow2  =  StdDevAFMarrow2  /  ($NB_RUN  -  1); 

StdDevAFMarrow2  =  DSQRT(StdDevAFMarrow2); 

MeanAFFat  =  MeanAFFat  /  $NB_RUN; 

StdDevAFFat  =  StdDevAFFat  -  $NB_RUN*MeanAFFat*MeanAFFat; 
StdDevAFFat  =  StdDevAFFat  /  ($NB_RUN  -  1); 
StdDevAFFat  =  DSQRT(StdDevAFFat); 
MeanAFFat2  =  MeanAFFat2  /  $NB_RUN; 

StdDevAFFat2  =  StdDevAFFat2  -  $NB_RUN*MeanAFFat2*MeanAFFat2; 
StdDevAFFat2  =  StdDevAFFat2  /  ($NB_RUN  -  1); 
StdDevAFFat2  =  DSQRT(StdDevAFFat2); 
MeanAFEndo  =  MeanAFEndo  /  $NB_RUN; 

StdDevAFEndo  =  StdDevAFEndo  -  $NB_RUN*MeanAFEndo*MeanAFEndo; 
StdDevAFEndo  =  StdDevAFEndo  /  (SNB  RUN  -  1); 
StdDevAFEndo  =  DSQRT(StdDevAFEndo); 
MeanAFCort  =  MeanAFCort  /  $NB_RUN; 

StdDevAFCort  =  StdDevAFCort  -  $NB_RUN* MeanAFCort* MeanAFCort; 
StdDevAFCort  =  StdDevAFCort  /  (SNB  RUN  -  1); 
StdDevAFCort  =  DSQRT(StdDevAFCort); 
MeanAFOutside  =  MeanAFOutside  /  $NB_RUN; 
StdDevAFOutside  =  StdDevAFOutside  - 

$NB_RUN*MeanAFOutside*MeanAFOutside; 
StdDevAFOutside  =  StdDevAFOutside  /  ($NB_RUN  -  1); 
StdDevAFOutside  =  DSQRT(StdDevAFOutside); 
MeanAFLost  =  MeanAFLost  /  $NB_RUN; 

StdDevAFLost  =  StdDevAFLost  -  $NB_RUN*MeanAFLost*MeanAFLost; 
StdDevAFLost  =  StdDevAFLost  /  (SNB  RUN  -  1); 
StdDevAFLost  =  DSQRT(StdDevAFLost); 

"  to  print  the  final  result " 

PRINT  *,  'Total  for  energy  ';" 

PRINT  *, 'AF  for  Bone      ',  REAL(MeanAFBone),'  +/- 

REAL(StdDevAFBone); 
PRINT  *,'AF  for  Fat         REAL(MeanAFFat2),'  +/- 

REAL(StdDevAFFat2); 
PRINT  *,  'AF  for  Endosteum  ',  REAL(MeanAFEndo),'  +/- 

REAL(StdDevAFEndo); 


262 


PRINT  *, 'AF  for  Cortical  ',  REAL(MeanAFCort),'    +/-  '," 

REAL(StdDevAFCort);" 
PRINT  *, 'AF  for  OUTSIDE      REAL(MeanAFOutside),'  +/-'," 

REAL(StdDevAFOutside);" 
PRINT  *, 'AF  Lost         ',  REAL(MeanAFLost), '    +/-  '," 

REAL(StdDevAFLost);" 
PRINT  *, 'AF  for  Marrow    ',  REAL(MeanAFMarrow2),'    +/-  ', 
REAL(StdDevAFMarrow2); 

] 

] 

UNTIL  ( NoMoreEnergy ); 

CLOSE  (  FileEnergies ); 
END; 
%E 

AUSGAB 

'1  It 

"  The  AUSGAB  subroutine  cumulate  the  energy  deposited  within  the  sphere.  " 
"  The  energy  is  stored  in  the  'CumulEnergy'  variable.  " 

"  Input: 

"     .  lARG  :  A  flag  (see  EGS4  documentation)  which  is  set  to  3  if  the  " 
"  particle  is  discarded  by  the  HO  WEAR  subroutine,  that  means  that " 

"  the  particle  is  out  off  the  sphere.  " 

"  It 

11**************************************************** 
SUBROUTINE  AUSGAB(IARG); 

COMIN/STACK,EPCONT,ENERG  1  /; 
INTEGER  IReg; 

DOUBLE  PRECISION  XI,  Yl,  Zl; 

"PRINT  *,'Start  of  AUSGAB';" 
IReg  =  IR(NP); 

XI  =  X(NP);  Yl  =  Y(NP);  Zl  =  Z(NP); 
IF  (lARG  .EQ.  3  )  [ 

CumulEnergyLost  =  CumulEnergyLost  +  EDEP; 

] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_BONE)  [ 
CumulEnergyBone  =  CumulEnergyBone  +  EDEP; 
] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_MARROW)  [ 
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CumulEnergyMarrow  =  CumulEnergyMarrow  +  EDEP; 
CumulEnergyMarrow2  =  CumulEnergyMarrow2  +  EDEP; 
"  need  to  check  to  see  if  in  endosteum" 
CALL  ENDOSTEUM; 

] 

ELSE  [ 
IF  (IReg  .EQ.  $REG_FAT)  [ 
CumulEnergyFat  =  CumulEnergyFat  +  EDEP; 
CumulEnergyFat2  =  CumulEnergyFat2  +  EDEP; 
CALL  ENDOSTEUM; 
] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_OUTSIDE)  [ 
CumulEnergyOutside  =  CumulEnergyOutside  +  EDEP; 
] 

ELSE[ 

IF  (IReg  .EQ.  $REG_CORT)  [ 
CumulEnergyCort  =  CumulEnergyCort  +  EDEP; 
] 

ELSE[ 

PRINT  *,  'Error  in  AUSGAB:  invalid  region  number'; 
] 

] 

] 

] 

] 

] 

"PRINT  *,'End  of  AUSGAB';" 

END; 

%E 

HOWFAR 


SUBROUTINE  HOWFAR; 
COMIN/STACK,EPCONT,GEOM/; 

"      COMMON  STACK  CONTAINS  X,Y,Z,U,V,W,IR  AND  NP(STACK  POINTER)" 
COMMON  EPCONT  CONTAINS  IRNEW,  USTEP  AND  IDISC" 

DOUBLE  PRECISION  XI,  Yl,  Zl;  "  to  store  the  old  position  of  the  particle  " 
DOUBLE  PRECISION  UNP,  VNP,  WNP; "  to  store  the  direction  of  the  particle  " 
FNTEGER  Medium,  MediumNumber; 
INTEGER  IReg,  IDINT;        "  to  store  the  region  number" 
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DOUBLE  PRECISION  DSQRT,  XNext,  YNext,  ZNext,  RNext,  Direction; 
DOUBLE  PRECISION  C,  BPrime,  DeltaPrime,  CI,  C2,  DeltaPrimel,  ZMax,  ZMin; 
DOUBLE  PRECISION  DeltaPrime2,  DISTl,  DIST2,  XMax,  XMin,  YMax,  YMin; 
DOUBLE  PRECISION  Distance,  ShortestDistance,  R; 
INTRINSIC  DSQRT,  IDINT; 

"PRINT  *,'Start  of  HOWFAR';" 
IReg  =  IR(NP); 

XI  =  X(NP);  Yl  =  Y(NP);  Zl  =  Z(NP); 

UNP  =  U(NP);  VNP  =  V(NP);  WNP  =  W(NP); 

R  =  DSQRT(X1*X1  +  Y1*Y1  +Z1*Z1); 

"  PRINT  *,  'Start  of  Howfar';" 

"  PRINT*,'X1  Yl  Zl  R',X1,  Y1,Z1,R;" 

"  PRINT  *,'  IREG  at  start  of  howfar  IReg;" 

"  PRINT  *,'  Medium  at  start  of  howfar ',  Medium;" 

"  need  to  normalize  the  direction  due  to  bad  accuracy" 
Direction=DSQRT(UNP*UNP+VNP*VNP+WNP*WNP); 
UNP  =  UNP  /  Direction; 
VNP  =  VNP  /  Direction; 
WNP  =  WNP  /  Direction; 
"  to  change  the  value  also  in  EGS4  " 
U(NP)  =  UNP;  V(NP)  =  VNP;  W(NP)  =  WNP; 
"PRINT  *,  'USTEP  before  howfar  =   USTEP;  " 

Medium  =  MediumNumber(Xl,Yl,Zl); 
"  To  check  the  data  returned  by  EGS4  " 

IF  ( IReg  .NE.  Medium  )  [ 
PRINT  *,  'Error  in  HOWFAR:  region: ',  IReg, '  does  not  agree'; 
IDISC  =  1; 

PRINT  *,  'IReg  =  ',  IReg, '  Medium  =  ',  Medium; 
PRINT*, 'X,  Y,Z',  XI,  Y1,Z1; 
] 

ELSE  [ 
"  Step  1) " 

"  To  calculate  the  distance  to  the  boundary  of  the  region" 

IF  (IReg  .EQ.  $REG_OUTSIDE)  [ 
"PRINT  *,'in  outside  region';" 

"to  measure  distance  back  into  cortical  shell" 
C  =  X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMUR_OUTER_RADIUS*$FEMUR_OUTER_RADIUS); 
BPrime  =  UNP*X1+VNP*Y1+WNP*Z1; 
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DeltaPrime  =  BPrime*BPrime  -  C; 
IF  (DeltaPrime  .LE.  0)  [ 

ShortestDistance  =  1000000; 

] 

ELSE  [ 

ShortestDistance  =  -BPrime  -  DSQRT(DeltaPrime); 
IF  (ShortestDistance  .LT.  0)  [ 

ShortestDistance  =  1000000; 

] 

] 

] 

ELSE[ 

IF  ( IReg  .EQ.  $REG_CORT  )  [ 
"PRINT  *,  'in  cortical  region';" 

"  to  measure  the  distance  out  of  cortical  shell" 
BPrime  =  UNP*X1+VNP*Y1+WNP*ZI; 
CI  =X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMURJNNER_RADIUS*$FEMUR_INNER_RADIUS); 
C2  =  X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMUR_OUTER_RADIUS*$FEMUR_OUTER_RADIUS); 
DeltaPrimel  =  BPrime*BPrime  -  CI; 
DeltaPrime2  =  BPrime* BPrime  -  C2; 
DIST2  =  -BPrime  +  DSQRT(DeltaPrime2); 
IF  (DeltaPrimel  .LT.  0)  [ 

ShortestDistance  =  DIST2; 

] 

ELSE  [ 

DISTl  =  -BPrime  -  DSQRT(DeltaPrimel); 
IF  (DISTI  .LE.  0  )  [ 

ShortestDistance  =  DIST2; 

] 

ELSE  [ 
IF  (DISTl  .GE.  DIST2  )  [ 
"  going  out  of  the  shell" 
ShortestDistance  =  DIST2; 
] 

ELSE  [ 

"  going  back  into  the  trabecular  region" 

ShortestDistance=  DISTl; 

] 

] 

] 

] 

ELSE  [ 

IF  ((IReg  .EQ.  $REG_BONE)  .OR.  (IReg  .EQ.  $REG_FAT) 
.OR.  (IReg  .EQ.  $REG_MARROW))  [ 
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"PRINT  *,'in  marrow  or  bone  region';" 

"  need  to  calculate  the  distance  to  the  shell  and" 
"  the  distance  to  the  next  voxel.  Need  to  " 
"  calculate  the  two  and  pick  the  smallest.  " 

IF  (XI  .LT.  0.0  )  [ 
XMin  =  (IDINT(Xl/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 

] 

ELSE  [ 

XMin  =  (IDINT(X1 /XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF(Y1  .LT.  0.0)  [ 
YMin  =  (IDINT(Yl/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y1 /YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Zl  .LT.  0.0 )  [ 
ZMin  =  (IDINT(Zl/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE  [ 

ZMin  =  (IDINT(Z1 /ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

ShortestDistance  =  XVoxelDim; 
"PRINT  *;  XMin  XMax  ',  XMin,  Xmax;" 
"PRINT  *;  YMin  YMax   YMin,  YMax;" 
"PRINT  *;  ZMin  ZMax  ',  ZMin,  ZMax;" 
"PRINT  *;  ShortestDistance  =  ShortestDistance;" 
"PRINT  *,'  XI,  YI,  Zl    XI,  Yl,  Zl;" 
"PRINT  *,'  UNP,  VNP,  WNP  ',  UNP,  VNP,  WNP;" 

"  To  test  along  the  X  axis  " 

IF  (UNP  .GT.  l.OD-20)  [ 
Distance  =  (XMax  -  XI)  /  UNP; 
] 

ELSE  [ 
IF  (UNP  .LT. -l.OD-20  )[ 
Distance  =  (XMin  -  XI)  /  UNP; 
] 

ELSE  [ 
Distance  =  XVoxelDim; 
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] 

] 

IF  (  Distance  .LT.  ShortestDistance  )  [ 
ShortestDistance  =  Distance; 

] 

"  To  test  along  the  Y  axis  " 
IF(VNP  .GT.  1.0D-20)[ 
Distance  =  (YMax  -  Yl)  /  VNP; 

] 

ELSE  [ 
IF  (VNP  .LT. -1.0D-20)[ 
Distance  =  (YMin  -  Yl)  /  VNP; 
] 

ELSE  [ 
Distance  =  YVoxelDim; 
] 

] 

IF  (  Distance  .LT.  ShortestDistance  )  [ 
ShortestDistance  =  Distance; 
] 

"  To  test  along  the  Z  axis  " 
IF(WNP  .GT.  1.0D-20)[ 

Distance  =  (ZMax  -  Zl)  /  WNP; 

] 

ELSE[ 
IF  (WNP  .LT.  -l.OD-20)  [ 
Distance  =  (ZMin  -  Zl)  /  WNP; 

] 

ELSE  [ 
Distance  =  ZVoxelDim; 
] 

] 

IF  (  Distance  .LT.  ShortestDistance  )  [ 
ShortestDistance  =  Distance; 
] 

"  to  measure  the  distance  to  get  out  of  femur" 
BPRIME  =  UNP*X1+VNP*Y1+WNP*Z1; 
C  =  X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMURJNNER_RADIUS  *  $FEMUR_INNER_RADIUS); 
DeltaPrime  =  BPrime*BPrime  -  C; 
Distance  =  -BPrime  +  DSQRT(DeltaPrime); 
IF  (  Distance  .LT.  ShortestDistance)  [ 

ShortestDistance  =  Distance; 

] 

] 

] 
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] 

ShortestDistance  -  ShortestDistance  +  $BOUNDARY_WIDTH; 
IF  (USTEP  .GT.  ShortestDistance)  [ 

USTEP  =  ShortestDistance; 

] 

"  Step  2) " 

"  To  calculate  the  new  position  " 
XNext  =  XI  +  USTEP*UNP; 
YNext  =  Yl  +  USTEP*  VNP; 
ZNext  -  Zl  +  USTEP*WNP; 

"  Step  3) " 

"  To  calculate  the  new  region  " 

RNext  =  DSQRT(XNext*XNext+YNext*YNext+ZNext*ZNext); 
IF  (RNext  .GT.  SFEMUR  OUTER  RADIUS)  [ 
IRNEW  =  SREGOUTSIDE; 

] 

ELSE  [ 

IF  (RNext  .GT.  $FEMUR_INNER_RADIUS)  [ 
IRNEW  =  $REG_CORT; 
] 

ELSE  [ 

IRNEW  =  MediumNumber(XNext,YNext,ZNext); 
] 

] 

] 

"PRINT  *,'End  of  HOWFAR';" 

END;"END  OF  SUBROUTINE  HOWFAR" 
%E 

DISTREGION 

"HOWNEAR  SUBROUTINE  FOR  PRESTA  THAT  GIVE  THE  CLOSEST  DISTANCE 
TO  ANY 

"SURROUNDING  BOUNDARIES 

"TPERP  IS  THE  VARIABLE  THAT  EED  TO  BE  CHANGED  (THE  CLOSEST 
DISTANCE...) 

SUBROUTINE  DIST_REGION(TPERP); 


;COMIN/STACK,GEOM/; 
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DOUBLE  PRECISION  X 1 ,  Y 1 ,  Z 1 ;     "the  starting  position  of  the  particle  " 
INTEGER  IReg,  MediumNumber;     "  the  starting  region  of  the  particle" 
DOUBLE  PRECISION  DSQRT,  XMax,  XMin,  YMin,  YMax,  ZMin,  ZMax; 
DOUBLE  PRECISION  Distl,  Dist2,  Distance,  R; 
INTRINSIC  DSQRT; 


"  Initialising  the  coordinates  " 
IReg  =  IR(NP); 

XI  =  X(NP);  Yl  =  Y(NP);  ZI  =  Z(NP); 
R  =  DSQRT(X1*X1  +  Y1*Y1  +Z1*Z1); 

"  Convert  position  into  voxel  number " 

Medium  =  MediumNumber(Xl,Yl,Zl); 

"PRINT  *,'Start  of  Dist  region';" 

IF  (R  .GE.  $FEMUR_INNER_RADIUS)  [ 
IF  (R  .LT.  $FEMUR_OUTER_RADIUS)  [ 
Distl  =  DSQRT(XI  *X1+YI  *Y1+ZI  *ZI)-$FEMUR_INNER_RADIUS; 
Dist2  =  -DSQRT(X1*X1+Y1*Y1+Z1*Z1)  +  $FEMUR_OUTER_RADIUS; 
IF  (Distl  .LE.  Dist2)  [ 
TPERP  =  Distl; 
] 

ELSE  [ 
TPERP  =  Dist2; 
] 

] 

ELSE  [ 

TPERP  =  R  -  $FEMUR_OUTER_RADIUS; 
] 

] 

ELSE[ 
IF  (XI  .LT.  0.0  )  [ 
XMin  =  (IDINT(Xl/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  =  (IDINT(X1 /XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF  (YI  .LT.  0.0  )  [ 
YMin  =  (IDINT(YI/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 
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ELSE  [ 

YMin  =  (IDINT(Yl/YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF(Z1  .LT.  0.0)  [ 
ZMin  =  (IDINT(Zl/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE  [ 

ZMin  =  (IDINT(Z1 /ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

TPERP  =  $FEMUR_OUTER_RADIUS; 

Distance  =  XI  -  XMin; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  XMax  -  XI ; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  YI  -  YMin; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  YMax  -  Yl; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  Zl  -  ZMin; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  ZMax  -  Zl ; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  $FEMUR_INNER_RADIUS  -  R; 
IF  (  Distance  .LT.  TPERP)  [ 

TPERP  =  Distance; 

] 

] 

"PRINT  *,'end  of  dist  region';" 

RETURN; 

END; 
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%E 

"  SourceMarrow  " 

M *************************************************** 

This  subroutine  randomly  picks  a  source  point  in  a  marrow  voxel.  " 

"  The  direction  is  equiprobable,  that  means  that:  " 

-  Phi  is  equiprobable  within  the  [0,  2Pi]  interval, 
"  -  Theta  is  not  equiprobable  within  [0,  Pi],  but  cos(Theta)  is  " 

"  equiprobable  within  the  [-1,  1]  interval. 

"  hence,  the  Phi  and  Theta  values  are  (Rnl  and  Rn2  are  two  random  " 

"  numbers:    Phi  =  2*  Pi*  Rnl 

Theta  =  arcos(l -2*Pi) 

fi*************************************^^^^^^,^^^^^^^^^^^^^^^^^^^^^^^^^^^ 

SUBROUTINE  SourceMarrow(XSrc,YSrc,ZSrc,USrc,VSrc,WSrc,RegSrc); 
REAL  XSrc;  REAL  YSrc;  REAL  ZSrc; 
REAL  USrc;  REAL  VSrc;  REAL  WSrc; 
INTEGER  RegSrc; 

C0M1N/RAND0M,GE0M/; 

DOUBLE  PRECISION  Rl,  R2,  R3,  R7,  R8,  XMin,  XMax,  YMin,  YMax,  ZMin, 
ZMax; 

DOUBLE  PRECISION  X,  Y,  Z,  R,  PI,  P2,  P3,  P4,  P5,  P6  PDIST; 
REAL  U,  V,  W; 
REAL  Theta,  Phi; 

LOGICAL  InsideMarrow,  InsideSphere; 

INTEGER  Medium,  A,  B,  C,  EDGEIPOS,  EDGEINEG,  EDGEJPOS; 
INTEGER  EDGEJNEG  ,EDGEKPOS  ,EDGEKNEG,  RegionNumber, 
MediumNumber; 

"  function  invoked  " 
REAL  ACOS,  COS,  SIN; 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  ACOS,  COS,  SIN,  DSQRT; 

"PRINT  *,'start  of  marrow  region';" 

InsideMarrow  =  .FALSE.; 

LOOP  ["  until  we  have  found  a  point  inside  the  image  " 
InsideSphere  =  .FALSE.; 
LOOP  [  "trying  to  find  a  position  in  the  sphere  " 

SRANDOMSETRl; 

SRANDOMSET  R2; 

$RANDOMSET  R3; 
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X  =  (Rl  -0.5)*2*$FEMUR_INNER_RADIUS/100; 
Y  =  (R2  -0.5)*2*$FEMURJNNER_RADIUS/100; 
Z  =  (R3  -0.5)*2*$FEMURJNNER_RADIUS/100; 
R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 
IF  (R  .LT.  $FEMUR_INNER_RADIUS)  [" 
InsideSphere  =  .TRUE.; 
]" 

] 

UNTIL  (InsideSphere); 

"  To  check  if  the  point  is  in  marrow  " 
Medium  =  MediumNumber(X,Y,Z); 

IF  (Medium  .EQ.  $REG_MARROW)  [ 
InsideMarrow  =  .TRUE.; 
] 

"CHECK  FOR  BONE  VOXEL  NEIGHBORS" 

"DETERMINE  WHERE  BONE  SURFACES  ARE(IF  THEY  ARE) 

IF  (X  .LT.  0.0)  [ 
A  =  IDINT(X/$X_DIM)-1; 
] 

ELSE  [ 
A  -  IDINT(X/$X_DIM); 
] 

IF  (Y  .LT.  0.0)  [ 
B  =  IDINT(Y/$Y_DIM)-1; 
] 

ELSE  [ 
B  -  IDINT(Y/$Y_DIM); 
] 

IF  (Z  .LT.  0.0)  [ 
C  =  IDINT(Z/$Z_DIM)-1; 
] 

ELSE  [ 
C  =  IDINT(Z/$Z_DIM); 
] 

NumX  =  IDINT((X  -  A  *  $X_DIM)/XVoxelDim)  +  I; 
NumY  =  IDINT((Y  -  B  *  $Y_DIM)/YVoxelDim)  +  1; 
NumZ  =  IDINT((Z  -  C  *  $Z_DIM)/ZVoxelDim)  +  1 ; 

EDGEIPOS  =  RegionNumber(NumX+l,NumY,NumZ); 
EDGEINEG  =  RegionNumber(NumX-l,NumY,NumZ); 
EDGEJPOS  =  RegionNumber(NumX,NumY+l,NumZ); 
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EDGEJNEG  =  RegionNumber(NumX,NumY- 1  ,NumZ); 
EDGEKPOS  =  RegionNumber(NumX,NumY,NumZ+l); 
EDGEKNEG  =  RegionNumber(NumX,NuniY,NumZ-l); 

IF  (X  .LT.  0.0  )  [ 
XMin  =  (IDINT(X/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  =  (IDINT(X/XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF  (Y  .LT.  0.0  )  [ 
YMin  =  (IDINT(Y/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y/YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Z  .LT.  0.0  )  [ 
ZMin  =  (IDINT(Z/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE  [ 

ZMin  =  (IDINT(Z/ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

Pl=1.0; 
P2=1.0; 
P3=1.0; 
P4=1.0; 
P5=1.0; 
P6=1.0; 

IF  (EDGEIPOS  .EQ.  $REG_BONE)  [ 
Pl=XMax-X; 
] 

IF  (EDGEINEG  .EQ.  $REG_BONE)  [ 
P2=  X  -  XMin; 

] 

IF  (EDGEJPOS  .EQ.  $REG_BONE)  [ 
P3=  YMax  -  Y; 
] 

IF  (EDGEJNEG  .EQ.  $REG_BONE)  [ 
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P4=  Y  -  YMin; 
] 

IF  (EDGEKPOS  .EQ.  $REG_BONE)  [ 
P5-  ZMax  -  Z; 
] 

IF  (EDGEKNEG  .EQ.  $REG_BONE)  [ 
P6  =  Z  -  ZMin; 
] 

PDIST=10.0; 

IF  (PI  .LE.  PDIST)  [ 
PDIST  =  P1; 
] 

IF  (P2  .LE.  PDIST)  [ 
PDIST  =  P2; 
] 

IF  (P3  .LE.  PDIST)  [ 
PDIST  =  P3; 
] 

IF  (P4  .LE.  PDIST)  [ 
PDIST  -  P4; 

] 

IF  (P5  .LE.  PDIST)  [ 
PDIST  =  P5; 
] 

IF  (P6  .LE.  PDIST)  [ 
PDIST  -  P6; 
] 

IF  (PDIST  .LT.  0.0)  [ 
PRINT  *,  •  ERROR  IN  PDIST'; 
PRINT  *, '  PDIST  ',  PDIST; 
] 

IF  (PDIST  .LT.  0.001)  [ 
"IN  THE  ENDOSTEUM!!" 
InsideMarrow  =  .FALSE.; 

] 

"PRINT  *;Medium  is  ',  Medium;" 
] 

UNTIL  (InsideMarrow); 


"  To  return  the  position  " 
XSrc  =  X; 
YSrc  =  Y; 
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ZSrc  =  Z; 

"  To  choose  a  random  direction.  In  the  spherical  coordinate  system:  " 
"      -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval  " 
"      -  cos(Theta)  is  equiprobable  within  the  [-1,  +1]  interval  " 

$RANDOMSET  R7; 
SRANDOMSET  R8; 
Theta  =  AC0S(1  -  2.0*R7); 
Phi  =  2.0  *  $PI  *  R8; 
U  =  SIN(Theta)  *  COS(Phi); 
V  =  SIN(Theta)  *  SIN(Phi); 
W  =  COS(Theta); 

"  To  return  the  direction  " 
USrc  =  U; 
VSrc  =  V; 
WSrc  =  W; 

"  to  return  the  region  number  " 
RegSrc  =  $REG_MARROW; 

"PRINT  *;  Medium  ',  Medium;" 
"PRINT  *,'End  of  Marrow  Source';" 

END;  "END  OF  SUBROUTINE  SourceMarrow" 
%E 

11***************************************************^ 
SourceBone  " 

"  It 

The  SourceBone  subroutine  returns  a  random  position  and  a  random  " 
direction  for  a  new  particle  inside  a  bone  voxel.  " 
The  direction  is  equiprobable,  this  means  that:  " 
-  Phi  is  equiprobable  within  the  [0,  2Pi]  interval,  " 
"  -  Theta  is  not  equiprobable  within  [0,  Pi],  but  cos(Theta)  is  " 

equiprobable  within  the  [-1,  1]  interval.  " 
hence,  the  Phi  and  Theta  values  are  (Rnl  and  Rn2  are  two  random  " 
"  numbers:    Phi  =  2*Pi*RnI  " 

Theta  =  arcos(l -2*Pi) 

SUBROUTINE  SourceBone(XSrc,YSrc,ZSrc,USrc,VSrc,WSrc,RegSrc)- 
REAL  XSrc;  REAL  YSrc;  REAL  ZSrc; 
REAL  USrc;  REAL  VSrc;  REAL  WSrc; 
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INTEGER  RegSrc; 

COMrN/RANDOM,GEOM/; 
DOUBLE  PRECISION  Rl,  R2,  R3,  R7,  R8; 
DOUBLE  PRECISION  X,  Y,  Z,  R; 
REAL  U,  V,  W; 
REAL  Theta,  Phi; 

LOGICAL  InsideBone,  InsideSphere; 
INTEGER  Medium,  MediumNumber; 

"  function  invoked  " 
REAL  ACOS,  COS,  SIN; 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  ACOS,  COS,  SIN,  DSQRT; 

"PRINT  *,'start  of  marrow  region';" 

InsideBone  =  .FALSE.; 

LOOP  ["  until  we  have  found  a  point  inside  the  image  " 
InsideSphere  =  .FALSE.; 
LOOP  [  "trying  to  find  a  position  in  the  sphere  " 

$RAND0MSETR1; 

SRANDOMSET  R2; 

SRANDOMSET  R3; 

X  =  (Rl  -0.5)*2*$FEMURJNNER_RADIUS/100; 
Y  =  (R2  -0.5)*2*$FEMUR_INNER_RADIUS/100; 
Z  =  (R3  -0.5)*2*$FEMUR_INNER_RADIUS/100; 
R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 
IF  (R  .LT.  SFEMUR  INNER  RADIUS)  [ 

InsideSphere  =  .TRUE.; 

] 

] 

UNTIL  (InsideSphere); 

"  To  check  if  the  point  is  in  bone  " 
Medium  =  MediumNumber(X,Y,Z); 
IF  (Medium  .EQ.  SREG  BONE)  [ 

InsideBone  =  .TRUE.; 

] 

"PRINT  *,'Medium  is  ',  Medium;" 
] 

UNTIL  (InsideBone); 


"  To  return  the  position  " 
XSrc  =  X; 
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YSrc  =  Y; 
ZSrc  =  Z; 

"  To  choose  a  random  direction.  In  the  spherical  coordinate  system:  " 
"      -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval  " 
"      -  cos(Theta)  is  equiprobable  within  the  [-1, +1]  interval  " 

$RANDOMSET  R7; 

SRANDOMSET  R8; 

Theta  =  AC0S(1  -  2.0*R7); 

Phi  =  2.0  *  $PI  *  R8; 

U  =  SIN(Theta)  *  COS(Phi); 

V  =  SIN(Theta)  *  SIN(Phi); 

W  =  COS(Theta); 

"  To  return  the  direction  " 

USrc  =  U; 

VSrc  =  V; 

WSrc  =  W; 

"  to  return  the  region  number  " 
RegSrc  =  $REG_BONE; 

"PRINT  *;  Medium  ',  Medium;" 
"PRINT  *,'End  of  Bone  Source';" 

END;  "END  OF  SUBROUTINE  Sourbone" 
%E 

11*************************************************** 
SourceEndo  " 

This  subroutine  randomly  picks  a  source  point  in  a  marrow  voxel.  " 
"  ti 

"  The  direction  is  equiprobable,  that  means  that:  " 
"  -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval, 

"  -  Theta  is  not  equiprobable  within  [0,  Pi],  but  cos(Theta)  is  " 

"  equiprobable  within  the  [-1,  1]  interval.  " 

"  hence,  the  Phi  and  Theta  values  are  (Rnl  and  Rn2  are  two  random  " 

numbers:    Phi  =  2*Pi*Rnl  " 
Theta  =  arcos(l -2*Pi) 

SUBROUTINE  SourceEndo(XSrc,YSrc,ZSrc,USrc,VSrc,WSrc,RegSrc); 
REAL  XSrc;  REAL  YSrc;  REAL  ZSrc; 
REAL  USrc;  REAL  VSrc;  REAL  WSrc; 
INTEGER  RegSrc; 
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COMIN/RANDOM,GEOM/; 

DOUBLE  PRECISION  Rl,  R2,  R3,  R7,  R8,  XMin,  XMax,  YMin,  YMax,  ZMin, 
ZMax; 

DOUBLE  PRECISION  X,  Y,  Z,  R,  PI,  P2,  P3,  P4,  P5,  P6  PDIST; 
REAL  U,  V,  W; 
REAL  Theta,  Phi; 

LOGICAL  InsideEndo,  InsideSphere; 

INTEGER  Medium,  A,  B,  C,  EDGEIPOS,  EDGEINEG,  EDGEJPOS; 
INTEGER  EDGEJNEG  ,EDGEKPOS  ,EDGEKNEG,  RegionNumber, 
MediumNumber; 

"  function  invoked  " 
REAL  ACOS,  COS,  SIN; 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  ACOS,  COS,  SIN,  DSQRT; 

"PRINT  *,'start  of  endo  region';" 

InsideEndo  =  .FALSE.; 

LOOP  ["  until  we  have  found  a  point  inside  the  image  " 
InsideSphere  =  .FALSE.; 
LOOP  [  "trying  to  find  a  position  in  the  sphere  " 

SRANDOMSETRl; 

SRANDOMSET  R2; 

SRANDOMSET  R3; 

X  =  (Rl  -0.5)*2*$FEMUR_INNER_RADIUS/100; 
Y  =  (R2  -0.5)*2*$FEMUR_INNER_RADIUS/100; 
Z  =  (R3  -0.5)*2*$FEMUR_INNER_RADIUS/100; 
R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 
IF  (R  .LT.  $FEMUR_INNER_RADIUS)  [" 
InsideSphere  =  .TRUE.; 

ri  J II 

] 

UNTIL  (InsideSphere); 

"  To  check  if  the  point  is  in  marrow  or  fat" 
Medium  =  MediumNumber(X,Y,Z); 

IF  ( (Medium  .EQ.  $REG_MARROW)  .OR.  (Medium  .EQ.  $REG_FAT))  [ 
InsideEndo  =  .TRUE.; 

"CHECK  FOR  BONE  VOXEL  NEIGHBORS" 

"DETERMINE  WHERE  BONE  SURFACES  ARE(IF  THEY  ARE)" 


IF  (X  .LT.  0.0)  [ 
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A  =  IDINT(X/$X_DIM)-1; 
] 

ELSE  [ 
A  =  IDINT(X/$X_DIM); 
] 

IF  (Y  .LT.  0.0)  [ 
B  =  IDINT(Y/$Y_DIM)-1; 
] 

ELSE  [ 
B  =  IDINT(Y/$Y_DIM); 
] 

IF  (Z  .LT.  0.0)  [ 
C  =  IDINT(Z/$Z_DIM)-1; 
] 

ELSE  [ 
C  =  IDINT(Z/$Z_DIM); 
] 

NumX  =  IDINT((X  -  A  *  $X_DIM)/XVoxelDim)  +  1; 
NumY  =  IDINT((Y  -  B  *  $Y_DIM)/YVoxelDim)  +  1; 
NumZ  =  IDINT((Z  -  C  *  $Z_DIM)/ZVoxelDim)  +  1; 

EDGEIPOS  =  RegionNumber(NumX+l,NumY,NumZ); 
EDGEINEG  =  RegionNumber(NumX-l,NumY,NumZ); 
EDGEJPOS  =  RegionNumber(NumX,NumY+I,NumZ); 
EDGEJNEG  =  RegionNumber(NumX,NumY-l,NumZ); 
EDGEKPOS  =  RegionNumber(NumX,NumY,NumZ+l); 
EDGEKNEG  =  RegionNumber(NumX,NumY,NumZ-l); 

IF  (X  .LT.  0.0  )  [ 
XMin  =  (IDINT(X/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE[ 

XMin  =  (IDINT(X/XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF  (Y  .LT.  0.0  )  [ 
YMin  =  (IDINT(Y/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y/YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Z  .LT.  0.0  )  [ 
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ZMin  =  (IDINT(Z/ZVoxelDim)-l)  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

ELSE  [ 

ZMin  =  (IDINT(Z/ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

Pl=1.0; 
P2=1.0; 
P3=1.0; 
P4=1.0; 
P5=1.0; 
P6=1.0; 

IF  (EDGEIPOS  .EQ.  $REG_BONE)  [ 
Pl=XMax-X; 
] 

IF  (EDGEINEG  .EQ.  $REG_BONE)  [ 
P2=  X  -  XMin; 
] 

IF  (EDGEJPOS  .EQ.  SREG  BONE)  [ 
P3=  YMax  -  Y; 
] 

IF  (EDGEJNEG  .EQ.  SREG  BONE)  [ 
P4=  Y  -  YMin; 
] 

IF  (EDGEKPOS  .EQ.  $REG_BONE)  [ 
P5=  ZMax  -  Z; 
] 

IF  (EDGEKNEG  .EQ.  SREG  BONE)  [ 
P6  =  Z  -  ZMin; 
] 

PDIST=10.0; 

IF  (PI  .LE.  PDIST)  [ 
PDIST  =  P1; 
] 

IF  (P2  .LE.  PDIST)  [ 
PDIST  =  P2; 
] 

IF  (P3  .LE.  PDIST)  [ 
PDIST  =  P3; 
] 

IF  (P4  .LE.  PDIST)  [ 
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PDIST  =  P4; 
] 

IF  (P5  .LE.  PDIST)  [ 
PDIST  =  P5; 
] 

IF  (P6  .LE.  PDIST)  [ 
PDIST  =  P6; 

] 

IF  (PDIST  .LT.  0.0)  [ 
PRINT  *, '  ERROR  IN  PDIST'; 
PRINT      PDIST  ',  PDIST; 
] 

IF  (PDIST  .LT.  0.001 )[ 
"IN  THE  ENDOSTEUM!!" 
InsideEndo  =  .TRUE.; 
] 

ELSE  [ 
InsideEndo  =  .FALSE.; 
] 

] 

"PRINT  *,'Medium  is  Medium;" 
] 

UNTIL  (InsideEndo); 

"  To  return  the  position  " 
XSrc  =  X; 
YSrc  =  Y; 
ZSrc  =  Z; 

"  To  choose  a  random  direction.  In  the  spherical  coordinate  system:  " 

-  Phi  is  equiprobable  within  the  [0,  2Pi]  interval 

-  cos(Theta)  is  equiprobable  within  the  [-1, +1]  interval  " 

$RANDOMSET  R7; 
SRANDOMSET  R8; 
Theta  =  AC0S(1  -  2.0*R7); 
Phi  =  2.0  *  $PI  *  R8; 
U  =  SIN(Theta)  *  COS(Phi); 
V  =  SIN(Theta)  *  SIN(Phi); 
W  =  COS(Theta); 

"  To  return  the  direction  " 
USrc  =  U; 
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VSrc  =  V; 
WSrc  =  W; 

"  to  return  the  region  number  " 
IF  (Medium  .EQ.  $REG_FAT)  [ 

RegSrc  =  $REG_FAT  ] 
ELSE  [ 

RegSrc  =  $REG_MARROW; 
] 

"PRINT     Medium  Medium;" 
"PRINT  *,'End  of  Endo  Source';" 

END;  "END  OF  SUBROUTINE  SourceEndo 
%E 


MediumNumber  " 

The  MediumNumber  subroutine  returns  the  medium  that  is  at  the  voxel  X,Y,Z.  " 
II********************************************************* 

INTEGER  FUNCTION  MediumNumber(X,Y,Z); 
COMIN/GEOM/; 

INTEGER  NumX,NumY,NumZ,A,B,C,Voxel,IDINT; 
DOUBLE  PRECISION  X,  Y,  Z,  R,  DSQRT; 
INTRINSIC  IDINT,  DSQRT; 


IF  (X  .LT.  0.0)  [ 
A  =  IDINT(X/$X_DIM)-I; 
] 

ELSE[ 
A  =  IDINT(X/$X_DIM); 
] 

IF  (Y  .LT.  0.0)  [ 
B  =  IDINT(Y/$Y_DIM)-1; 
] 

ELSE[ 
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B  =  IDINT(Y/$Y_DIM); 
] 

IF  (Z  .LT.  0.0)  [ 
C  =  IDINT(Z/$Z_DIM)-1; 
] 

ELSE  [ 
C  =  IDINT(Z/$Z_DIM); 
] 

R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 

IF  (R  .LT.  $FEMUR_INNER_RADIUS)  [ 
NumX  =  IDINT((X  -  A  *  $X_DIM)/XVoxelDim)  +  1; 
NumY  =  IDINT((Y  -  B  *  $Y_DIM)/YVoxelDim)  +  1; 
NumZ  =  IDINT((Z  -  C  *  $Z_DIM)/ZVoxelDim)  +  1 ; 
Voxel  =  Image(NumX,NumY,NumZ); 

IF  (Voxel  .EQ.  0)  [ 
MediumNumber  =  $REG_BONE; 
] 

ELSE  [ 
IF  (Voxel  .EQ.  255)  [ 
MediumNumber  =  $REG_MARROW; 
] 

ELSE  [ 
IF  (Voxel  .EQ.  122)  [ 
MediumNumber  =  SREGFAT; 
] 

ELSE  [ 

PRINT  *, 'Error  in  Subroutine  MediumNumber'; 
PRINT  *,'Voxel ',  Voxel; 

PRINT  *.'NumX  NumY  NumZ  ',  NumX,  NumY,  NumZ; 
] 

] 

] 

] 

ELSE  [ 

IF  (R  .GE.  $FEMUR_OUTER_RADIUS)  [ 
MediumNumber  =  $REG_OUTSIDE- 
] 

ELSE  [ 

MediumNumber  =  $REG_CORT; 
] 

] 

"PRINT  *, 'MediumNumber  ',  MediumNumber;" 
"PRINT  *,  'End  of  MediumNumber';" 
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END; "  END  OF  FUNCTION  MediumNumber" 
%E 

SUBROUTINE  ENDOSTEUM; 


;C0MIN/STACK,EPC0NT,ENERG1,GE0M/; 
INTEGER 

EDGEIPOS,EDGEINEG,EDGEJPOS,EDGEJNEG,EDGEKPOS,EDGEKNEG; 
INTEGER  Medium,  A,  B,  C,  IDINT,  NumX,  NumY,  NumZ,  RegionNumber; 
DOUBLE  PRECISION  PI,  P2,  P3,  P4,  P5,  P6,  XI,  Yl,  Zl,  PDIST; 
DOUBLE  PRECISION  XMax,  XMin.  YMax,  YMin,  ZMax,  ZMin; 
INTRINSIC  IDINT; 

XI  =X(NP); 
Yl  =  Y(NP); 
Zl  =Z(NP); 
IReg  =  IR(NP); 
PI  =  1.0; 
P2=  1.0; 
P3  =  1.0; 
P4=  1.0; 
P5  =  1.0; 
P6=  1.0; 

"CHECK  FOR  BONE  VOXEL  NEIGHBORS" 

"DETERMINE  WHERE  BONE  SURFACES  ARE(IF  THEY  ARE)" 

IF  (XI  .LT.  0.0)  [ 
A  =  IDINT(X1/$X_DIM)-1; 
] 

ELSE  [ 
A  =  IDINT(X1/$X_DIM); 
] 

IF  (Yl  .LT.  0.0)  [ 
B  =  IDINT(Y1/$Y_DIM)-1; 
] 

ELSE  [ 
B  =  IDINT(Y1/$Y_DIM); 
] 

IF  (Zl  .LT.  0.0)  [ 
C  =  IDINT(Z1/$Z_DIM)-1; 
] 

ELSE  [ 
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C  =  IDINT(Z1/$Z_DIM); 
] 

NumX  =  IDINT((X1  -  A  *  $X_DIM)/XVoxelDim)  +  1; 
NumY  =  IDINT((Y1  -  B  *  $Y_DIM)/YVoxelDim)  +  1; 
NumZ  =  IDINT((Z1  -  C  *  $Z_DIM)/ZVoxelDim)  +  1; 

EDGEIPOS  =  RegionNumber(NumX+l,NumY,NumZ); 
EDGEINEG  =  RegionNumber(NumX-l,NumY,NumZ); 
EDGEJPOS  =  RegionNumber(NumX,NumY+l,NumZ); 
EDGEJNEG  =  RegionNumber(NumX,NumY-l,NuniZ); 
EDGEKPOS  =  RegionNumber(NumX,NumY,NumZ+l); 
EDGEKNEG  =  RegionNumber(NumX,NumY,NumZ-l); 


IF  (XI  XT.  0.0)  [ 
XMin  =  (IDINT(Xl/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  -  (IDINT(X1 /XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF(Y1  .LT.  0.0)  [ 
YMin  =  (IDINT(Yl/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y1 /YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Zl  .LT.  0.0  )  [ 
ZMin  =  (IDINT(Zl/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE  [ 

ZMin  =  (IDINT(Z1 /ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 


IF(EDGEIPOS  .EQ.  $REG_BONE)  [ 
Pl=XMax-Xl; 
] 

IF(EDGEINEG  .EQ.  $REG_BONE)  [ 
P2=X1  -  XMin; 
] 
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IF(EDGEJPOS  .EQ.  $REG_BONE)  [ 
P3=  YMax- Yl; 
] 

IF(EDGEJNEG  .EQ.  $REG_BONE)  [ 
P4=  Yl  -  YMin; 
] 

IF(EDGEKPOS  .EQ.  $REG_BONE)  [ 
P5=ZMax-Zl; 
] 

IF(EDGEKNEG  .EQ.  $REG_BONE)  [ 
P6-Z1  -ZMin; 
] 

PDIST=10.0; 

IF  (PI  .LE.  PDIST)  [ 
PDIST  =  P1; 
] 

IF  (P2  .LE.  PDIST)  [ 
PDIST  =  P2; 
] 

IF  (P3  .LE.  PDIST)  [ 
PDIST  =  P3; 
] 

IF  (P4  .LE.  PDIST)  [ 
PDIST  =  P4; 
] 

IF  (P5  .LE.  PDIST)  [ 
PDIST  =  P5; 
] 

IF  (P6  .LE.  PDIST)  [ 
PDIST  =  P6; 
] 

IF  (PDIST  .LT.  0.0)  [ 
PRINT  *,  •  ERROR  IN  PDIST'; 
PRINT  *, '  PDIST  ',  PDIST; 
] 

IF  (PDIST  .LE.  0.001)  [ 
"IN  THE  ENDOSTEUM!!" 

CumulEnergyEndo  =  CumulEnergyEndo  +  EDEP; 
IF  (IReg  .EQ.  $REG_MARROW)  [ 
CumulEnergyMarrow2  =  CumulEnergyMarrow2  -  EDEP; 

ELSE[ 
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CumulEnergyFat2  =  CumulEnergyFat2  -  EDEP; 
] 

] 

RETURN; 

END; 

%E 

"SUBROUTINE  RegionNumber; 

II  He************************************************* 

INTEGER  FUNCTION  RegionNumber(NX,NY,NZ); 

COMIN/GEOM/; 
INTEGER  NX,  NY,  NZ; 
INTEGER  Voxel; 

"PRINT  *, '  Start  of  RegionNumber  ';" 
IF  (NX  .EQ.  ($X_MIN_V0XEL-1))  [ 
NX  =  SXMAXVOXEL; 
] 

IF  (NY  .EQ.  ($Y_MIN_V0XEL-1))  [ 
NY  =  $Y_MAX_VOXEL; 
] 

IF  (NZ  .EQ.  ($Z_MIN_V0XEL-1))  [ 
NZ  =  $Z_MAX_V0XEL; 
] 

IF  (NX  .EQ.  ($X_MAX_V0XEL+1))  [ 
NX  =  $X_MIN_VOXEL; 
] 

IF  (NY  .EQ.  ($Y_MAX_V0XEL+1))  [ 
NY  =  $Y_MIN_VOXEL; 
] 

IF  (NZ  .EQ.  ($Z_MAX_V0XEL+1))  [ 
NZ  =  $Z_MIN_VOXEL; 
] 

Voxel  =  Image(NX,NY,NZ); 

IF  (Voxel  .EQ.  0)  [ 
RegionNumber  =  $REG_BONE; 
] 

ELSE  [ 
IF  (Voxel  .EQ.  255)  [ 
RegionNumber  =  $REG_MARROW; 


288 


] 

ELSE  [ 
IF  (Voxel  .EQ.  122)  [ 
RegionNumber  =  $REG_FAT; 
] 

ELSE  [ 

PRINT  *, 'Error  in  Subroutine  RegionNumber'; 
PRINT  *, 'Voxel ',  Voxel; 
PRINT  *;NX  NY  NZ  ',NX,  NY,  NZ; 

] 

] 

] 

"PRINT  *, 'RegionNumber  is  ',Voxel;" 
"PRINT  *,'End  of  RegionNumber  ';" 
END; 
%E 

Mslc  +  Sic************************************************ 

"SUBROUTINE  FOR  INITIALIZATION  OF  RANDOM  NUMBER  GENERATOR.... 

SUBROUTINE  RMARIN; 
COMIN/RANDOM/; 

IF((IXX.LE.0).OR.(IXX.GT.31328))  IXX=1802;  "SETS  MARSAGLIA  DEFAULT" 

"  BUG.  In  the  following  line  the  assignment  previous  to  90/09/18  " 
"  was  to  IXX.  This  DID  NOT  upset  the  randomness  of  the  sequence,  " 
"  just  the  initial  starting  point.  BLIF  90/09/1 8. 

IF((JXX.LE.0).OR.(JXX.GT.30081))  JXX-9373;  "SETS  MARSAGLIA  DEFAULT" 

I  =  MOD(IXX/177,177)  +  2; 
J  =  MOD(IXX,    177) +  2; 
K  =  MOD(JXX/169,178)+  1; 
L  =  MOD(JXX,    169)  ; 

DO  11=1, 97[ 
S=0.0;T=0.5; 
DO  JJ=1,24[ 

M=MOD(MOD(I*  J,  1 79)*K,  1 79); 

I=J;J=K;K=M;L=MOD(53*L+l,169); 

IF(MOD(L*M,64).GE.32)  S=S+T; 

T=0.5*T; 

] 

URNDM(II)=S; 
] 
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CRNDM  =  362436./1 67772 16.; 
CDRNDM=  7654321./16777216.; 
CMRNDM=  16777213./16777216.; 

IXX  =  97; 
JXX-33; 

END; "  END  OF  SUBROUTINE  RMARIN 

%E 


APPENDIX  I 

C-PROGRAMS  FOR  CALCULATING  CHORD  LENGTH  DISTRIBUTIONS 


3D  i^-Randomness  Chord  Length  Distribution  C-Program 

/*  ChordLengthMu.c  */ 

/*  */ 

/*  This  program  calculates  the  mu  randomness  chord  length  distribution  */ 

/*  in  a  3D  voxelized  image.  */ 

/*  The  image  can  contain  as  many  medium  as  possible  (less  or  equal  to  */ 

/*  256).  */ 

/*  The  chord  lengths  are  measured  using  rays  fired  through  the  image.  */ 

/*  The  rays  are  chosen  according  to  the  following  technique.  */ 

/*  -  an  imaginary  sphere  is  created  surrounding  the  entire  image.  */ 

/*  -  a  point  P  is  randomly  chosen  on  the  surface  of  the  sphere.  */ 

/*  -  a  point  P'  is  randomly  chosen  on  the  disk  that  is  the  projection  */ 

/*  of  the  sphere  on  the  plan  tangent  to  the  sphere  at  point  P.  */ 

/*  -  a  ray  is  fired  from  P'  along  the  direction  of  the  radius  of  the  */ 

/*  sphere  that  passes  through  P.  */ 

/*  V 

#include  <stdio.h> 

#include  <stdlib.h> 

#include  <math.h> 

#include  "../CTools/HistogramlD.h" 

/*  Internal  constant  data  of  the  tool.  Do  not  change  */ 

#define  MAX  NB  MEDIA  256 

#define  FALSE  0 

#define  TRUE  1 

#define  SURROUNDING  MEDIUM  256 

/*  Parameters  that  you  can  define  as  you  wish  */ 

/*  Constant  data  for  the  definition  of  the  accuracy  of  the  chord  */ 

/*  length  distribution  */ 

#define  NBCHORDLENGTH        1 00 

#define  STEP  CHORD  LENGTH       0.0080  /*  cm  */ 

/*  to  define  the  number  of  rays  to  fire.  */ 

#define  NBRA  YS_PER_PLANE  1 0 

#defineNB  PLANES  100000 
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/*  the  voxel  size  */ 

#define  VOXEL_SIZE_X  0.0078 

#define  VOXEL  SIZE  Y  0.0078 

#define  VOXEL_SIZE_Z  0.0078 
/*  the  number  of  voxels  */ 

#define  MIN_VOXEL_Z  -72 

#define  MAX_VOXEL_Z  72 

#define  M1N_V0XEL_Y  -139 

#define  MAX  VOXEL  Y  139 

#define  MIN  VOXEL  X  -60 

#define  MAX_VOXEL_X  59 

/*  the  radius  of  the  sphere  that  surrounds  the  region  to  be  treated  */ 

#define  RADIUS  1 .3 1 75  /*  cm  must  be  bigger  than  the  */ 

/*  half  diagonal  of  the  sample  */ 

/*  set  of  global  variables  used  by  the  whole  program  */ 
unsigned  char  lmage[MAX_VOXEL_X  -  MIN  VOXEL  X  +  1] 

[MAX_VOXEL_Y  -  MIN  VOXEL  Y  +  1] 

[MAX  VOXEL  Z  -  MIN  VOXEL  Z  +1]; 
Histogram  1 D  CLDistribution[MAX_NB_MEDIA]; 
double  MinStepX,  MinStepY,  MinStepZ; 
int  Method; 

int  NumMedium,  NbMedia; 

int  ListMedia[MAX_NB_MEDIA]; 

/*  local  functions  */ 

void  Readlmage(char  *ImageFileName); 
void  CLDCalculO; 

void  CalculForOneRay(double  XPPrime,  double  YPPrime,  double  ZPPrime, 

double  U,  double  V,  double  W,  int  *RayCrossesImage); 
int  GoToNextVoxel(double  X,  double  Y,  double  Z,  double  U,  double  V,  double  W, 
int  CurrentNumX,  int  CurrentNumY,  int  CurrentNumZ, 
int  *NextNumX,  int  *NextNumY,  int  *NextNumZ); 
double  DistanceToVoxel(double  X,  double  Y,  double  Z, 

double  U,  double  V,  double  W,  int  NumX,  int  NumY,  int  NumZ); 

main(  int  argc,  char  *argv[] ) 

{ 

char  ImageFileName[100]; 
char  DistribFileName[100]; 
int  NumX,  NumY,  NumZ; 
int  Medium; 

char  MethodName[100]; 

/*  checking  the  command  line  */ 
if  (  argc  <=  3  II  argc  >=  260  )  { 
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printf("Error:  bad  command-line.\n"); 

printf("  Try  again  with  command-line:  "); 

printf("  ChordLengthMu  Method  FiieName  MediaList\n"); 

ntf("     -  Method  refers  to  the  methods  developped  by  Derek:\n"); 


ntf("  -  0 

ntf("  -  1 

ntf("  -  2 


'pure'  method\n"); 
'MAC_r  method\n"); 
'MAC_2'  method\n"); 
ntf("     -  FiieName  refers  to  the  name  of  the  image  fileAn"); 
ntf("     -  MediaList  is  the  list  of  media  contained  in  the  image\n"); 
ntf("  (maximum  number:  256). \n"); 

ntf("  ex:  ChordLengthMu  0  FemurHead256x256x256  0  255\n"); 
ntf("      The  image  contains  2  media  represented  by  0  and  255\n"); 
ntf("      The  output  files  will  have  the  file  name  plus  an  "); 
ntf("extension  to\n         differenciate  them\n"); 
ntf("  The  image  file  must  be  in  the  directory  './data'\n"); 
ntf("  The  output  files  will  be  in  the  directory  './data'\n"); 
t(0); 


pr 
pr 
pr 
pr 
pr 
pr 
pr 
pr 
pr 
pr: 
pr: 
pr 
pr: 
ex 

} 

/*  read  the  parameters  */ 
Method  =  atoi(argv[l]); 
switch  (Method)  { 
case  0: 

strcpy(MethodName,"PURE"); 
break; 
case  1 : 

strcpy(MethodName,"MACl "); 
break; 
case  2: 

strcpy(MethodName,"MAC2"); 
break; 

} 

sprintf(ImageFileName,"./data/%s",argv[2]); 
NbMedia  =  argc  -  3; 

for  (  NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
ListMedia[NumMedium]  =  atoi(argv[NumMedium+3]); 
} 

/*  to  read  the  image  */ 
Readlmage(ImageFileName); 

/*  to  initialize  the  4  chord  length  distributions  */ 
for  (  NumMedium^O;  NumMedium<NbMedia;  NumMedium++  )  { 
H 1  D_InitHistogram(&CLDistribution[NumMedium], 

NB_CHORD_LENGTH,  STEP_CHORD_LENGTH); 
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/*  to  calculate  the  chord  length  distribution  within  the  image  */ 
CLDCalculQ; 

/*  to  Save  the  distributions  on  the  disk  */ 

for  ( NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
sprintf(DistribFileName,"./data/%s.Med%03d_%s", 

argv[2],ListMedia[NumMedium],MethodName); 
HlD_StoreHistogram(&CLDistribution[NumMedium],  DistribFileName); 
} 

} 

void  Readlmage(char  *ImageFileName) 
{ 

FILE  *ImageFileToRead; 

unsigned  char  Voxel; 

int  NumX,  NumY,  NumZ; 

/*  to  open  the  file  */ 

ImageFileToRead  =  fopen(ImageFileName,"r"); 
if(ImageFileToRead==NULL)  { 
printf("  Error.  Problem  to  read  file  '%s'\n",  ImageFileName); 

} 

else  { 
/*  to  read  the  file  */ 

for  (NumZ=MIN_VOXEL_Z;  NumZ<=MAX_VOXEL_Z;  NumZ++)  { 
for  (NumY^MIN  VOXEL  Y;  NumY<=MAX_VOXEL_Y;  NumY++)  { 
for  (NumX=MIN_VOXEL_X;  NumX<=MAX_VOXEL_X;  NumX++)  { 
Voxel  =  (unsigned  char)fgetc(ImageFileToRead); 
Image[NumX  -  MIN_VOXEL_X][NumY  -  MIN  VOXEL  Y] 
[NumZ  -  MIN_VOXEL_Z]  =  Voxel; 

} 

} 

} 

fclose(ImageFileToRead); 
} 

} 

void  CLDCalculO 
{ 

int  PlaneNumber; 

int  RayNumber; 

double  RandomNumber; 

double  Theta,  Phi; 

double  U,  V,  W; 

double  RadiusPlane,  PhiPlane; 

double  XPPrime,  YPPrime,  ZPPrime; 
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int  NbPPrimelnlmage; 
int  NbRaysDoNotlntersect; 
int  RayCrossesImage; 

/*  Init  all  the  stuff  */ 
srand48(l); 

NbPPrimelnlmage  =  0; 
NbRaysDoNotlntersect  =  0; 

/*  calculate  the  chord  length  distribution  */ 

for  (  PlaneNumber=0;  PlaneNumber<NB_PLANES;  PlaneNumber++  )  { 
if  ( (PlaneNumber  %  100)      0  )  { 
printf("%d\n",  PlaneNumber); 
fflush(stdout); 
} 

/*  step  1 )  choose  a  random  point  P  on  a  sphere  that  surrounds  the  */ 

/*  region  to  be  treated.  It  is  define  in  spherical  */ 

/*  coordinates  by:  Theta:  chosen  randomly  */ 

/*  Phi:  chosen  randomly  */ 

/*  R:  the  radius  of  the  sphere  */ 

RandomNumber  =  drand48(); 
Theta  =  acos(l  .0  -  2.0*RandomNumber); 
RandomNumber  =  drand48(); 
Phi  =  2.0  *  M  PI  *  RandomNumber; 

/*  step  2)  calculate  the  direction  of  the  ray.  it  is  along  the  */ 

/*  radius  of  the  sphere  that  passes  through  P,  but  */ 

/*  oriented  from  P  to  the  center  of  the  sphere.  */ 
U  =  -sin(Theta)  *  cos(Phi); 
V  =  -sin(Theta)  *  sin(Phi); 
W  =  -cos(Theta); 

/*  step  3)  to  calculate  the  minimum  chord  length  to  be  recorded  */ 
/*  these  values  are  used  in  the  'large  1'  and  'large_2'  */ 
/*  methods  */ 

MinStepX  =  fabs(VOXEL_SIZE_X  /  U); 

MinStepY  =  fabs(VOXEL_SIZE_Y  /  V); 

MinStepZ  =  fabs(VOXEL_SIZE_Z  /  W); 

for  (  RayNumber=0;  RayNumber<NB_RAYS_PER_PLANE;  RayNumber++  )  { 

/*  step  4)  chooses  a  random  point  P'  on  the  disk  that  is  the  */ 
/*  projection  of  the  sphere  on  the  plan  tangent  to  the  */ 
/*  sphere  and  that  passes  through  P.  P'  is  first  */ 
/*  determined  in  polar  coordinates  relatively  to  the  */ 
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/*  plan  by:  RadiusPlane:  chosen  randomly  */ 

/*        PhiPlane:  chosen  randomly  */ 
RandomNumber  =  drand48(); 
RadiusPlane  =  RADIUS  *  sqrt(RandomNumber); 
RandomNumber  =  drand48(); 
PhiPlane  =  2.0  *  M  PI  *  RandomNumber; 

/*  step  5)  transforms  the  polar  coordinates  of  P'  (r,Phi)  in  */ 
/*  the  plane  into  the  absolute  3D  cartesien  coordinates  */ 
/*  system  (cf  demonstration  in  Didier's  note  book)  */ 

XPPrime  -  RADIUS  *  sin(Theta)  *  cos(Phi) 
+  RadiusPlane  *  (  sin(Phi)  *  cos(PhiPlane) 

+  cos(Theta)  *  cos(Phi)  *  sin(PhiPlane) ); 

YPPrime  =  RADIUS  *  sin(Theta)  *  sin(Phi) 

+  RadiusPlane  *  ( -cos(Phi)  *  cos(PhiPlane) 

+  cos(Theta)  *  sin(Phi)  *  sin(PhiPlane) ); 

ZPPrime  =  RADIUS  *  cos(Theta) 

-  RadiusPlane  *  sin(Theta)  *  sin(PhiPlane); 

/*  step  6)  to  travel  the  ray  to  the  edge  of  the  sample  */ 

if  (  XPPrime  >  (MIN_VOXEL_X  *  VOXEL_SIZE_X)  && 

XPPrime  <  ((MAX_VOXEL_X  +  1)  *  VOXEL_SIZE_X)  && 
YPPrime  >  (MIN  VOXEL  Y  *  VOXEL  SIZE  Y)  && 
YPPrime  <  ((MAX  VOXEL  Y  +  1)  *  VOXEL  SIZE  Y)  && 
ZPPrime  >  (MIN  VOXEL  Z  *  VOXEL  SIZE  Z)  && 
ZPPrime  <  ((MAX_VOXEL_Z  +  1)  *  VOXEL_SIZE_Z) )  { 
NbPPrimelnlmage  =  NbPPrimelnlmage  +  1 ; 
} 

else  { 

CalculForOneRay(XPPrime,  YPPrime,  ZPPrime,  U,  V,  W, 

&RayCrossesImage); 
if  (RayCrossesImage  ==  FALSE)  { 

NbRaysDoNotlntersect  =  NbRaysDoNotlntersect  +  1  • 

} 

} 

} 

} 

/*  print  the  statistics  */ 

printf( "Chord  length  distribution  calculation  through  a  4  media  3D  "); 
printf("image.\n\n"); 

printf("  Nb  planes  tangent  to  the  sphere:  %5d\n",  NB  PLANES); 
printfC  Nb  rays  fired  per  plane:  %5d\n", 

NB_RAYS_PER_PLANE); 
printf("  Total  number  of  rays  fired:  %5d\n", 

NB_PLANES*NB_RAYS_PER_PLANE); 
printf("  Nb  rays  started  within  the  image:  %5d\n", 
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NbPPrimelnlmage); 
printf("  (if  not  0  increase  the  radius  of  the  sphere )\n"); 

printf("  Nb  rays  that  do  not  intersect  the  image:  %5d\n", 

NbRaysDoNotlntersect); 
printf("  (if  too  big,  decrease  the  radius  of  the  sphere)\n"); 

} 

void  CalculForOneRay(double  XPPrime,  double  YPPrime,  double  ZPPrime, 
double  U,  double  V,  double  W,  int  *RayCrossesImage) 

{ 

int  CurrentNumX,  CurrentNumY,  CurrentNumZ; 
int  NextNumX,  NextNumY,  NextNumZ; 
double  DistanceFromStart,  DistanceBeforeMedium; 
double  DistancelnMedium; 

int  CurrentMedium,  MediumPreviousVoxel,  MediumBeforeChord; 
int  MediumRank,  NumMedium; 

/*  to  initialize  all  the  data  */ 

*RayCrossesImage  =  FALSE; 

CurrentNumX  =  XPPrime  /  VOXEL  SIZE  X; 

if  (  XPPrime  <  0.0  )  {  CurrentNumX  =  CurrentNumX  -  1;  } 

CurrentNumY  =  YPPrime  /  VOXEL  SIZE  Y; 

if  (  YPPrime  <  0.0  )  {  CurrentNumY  =  CurrentNumY  -  1;  } 

CurrentNumZ  =  ZPPrime  /  VOXEL  SIZE  Z; 

if  (  ZPPrime  <  0.0  )  {  CurrentNumZ  =  CurrentNumZ  -  1;  } 

DistanceFromStart  =  0.0; 

DistanceBeforeMedium  =  0.0; 

CurrentMedium  =  SURROUNDINGMEDIUM; 

MediumPreviousVoxel  =  SURROUNDINGMEDIUM; 

MediumBeforeChord  =  SURROUNDINGMEDIUM; 

/*  to  travel  the  ray  trough  the  sphere  surrounding  the  image  */ 

while  (DistanceFromStart  <  (2*RADIUS))  { 

MediumPreviousVoxel  =  CurrentMedium; 

GoToNextVoxel(XPPrime,  YPPrime,  ZPPrime,  U,  V,  W, 
CurrentNumX,  CurrentNumY,  CurrentNumZ, 
&NextNumX,  &NextNumY,  &NextNumZ); 

CurrentNumX  =  NextNumX; 

CurrentNumY  =  NextNumY; 

CurrentNumZ  =  NextNumZ; 

DistanceFromStart  =  DistanceToVoxel(XPPrime,YPPrime,ZPPrime,U,V,W, 

CurrentNumX,CurrentNumY,CurrentNumZ); 
if  (  CurrentNumX  >=  MIN_VOXEL_X  &&  CurrentNumX  <=  MAX  VOXEL  X 

&& 

CurrentNumY  >=  MIN  VOXEL  Y       CurrentNumY  <=  MAX  VOXEL  Y  && 
CurrentNumZ  >=  MIN  VOXEL  Z  &&  CurrentNumZ  <=  MAX  VOXEL  Z  )  { 
*RayCrossesImage  =  TRUE; 
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CurrentMedium  =  Image[CurrentNumX  -  MIN  VOXEL  X] 
[CurrentNumY  -  MIN  VOXEL  Y] 
[CurrentNumZ  -  MIN  VOXEL  Z]; 

} 

else  { 

CurrentMedium  =  SURROUNDING_MEDIUM; 
} 

if  (  CurrentMedium  !=  MediumPreviousVoxel )  { 
DistancelnMedium  =  DistanceFromStart  -  DistanceBeforeMedium; 
DistanceBeforeMedium  =  DistanceFromStart; 
if  (  CurrentMedium  !=  SURROUNDING_MEDIUM  && 

MediumPreviousVoxel  !=  SURROUNDING  MEDIUM  && 
MediumBeforeChord  !=  SURROUNDING_MEDIUM  )  { 
/*  to  look  for  the  medium  rank  in  the  list  */ 
MediumRank  =  0; 

for  (  NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
if  (ListMedia[NumMedium]      MediumPreviousVoxel)  { 
MediumRank  =  NumMedium; 
} 

} 

/*  to  store  the  chord  length  according  to  the  method  used  */ 
/*  to  eliminate  the  voxel  effect  B  */ 
switch  (Method)  { 
case  0: 

HlD_AddValue(&CLDistribution[MediumRank], 
DistancelnMedium) ; 

break; 
case  1: 

if  (  DistancelnMedium  >  MinStepX  || 
DistancelnMedium  >  MinStepY  || 
DistancelnMedium  >  MinStepZ  )  { 
H 1  D_AddValue(&CLDistribution[MediumRank], 
DistancelnMedium); 

} 

break; 

case  2: 

if  (  DistancelnMedium  >  MinStepX  && 
DistancelnMedium  >  MinStepY  && 
DistancelnMedium  >  MinStepZ  )  { 
H 1  D_AddValue(«&CLDistribution[MediumRank], 
DistancelnMedium); 

} 

break; 

} 

} 

MediumBeforeChord  =  MediumPreviousVoxel; 
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} 

} 

} 

/*  From  a  starting  point(X,Y,Z),  and  in  a  specific  direction  (U,V,W)'  return  */ 

/*  the  next  voxel  (NextNumX,NextNumY,NextNumZ)  crossed  by  the  trajectory  */ 

/*  right  after  the  voxel  (CurrentNumX,CurrentNumY,CurrentNumZ).  */ 

/*  The  function  returns  NULL  in  the  two  following  cases:  */ 

/*     -  if  the  trajectory  does  not  cross  the  current  voxel  */ 

/*     -  if  the  trajectory  does  not  leave  the  current  voxel  through  one  */ 

/*      of  the  four  voxels  which  have  a  boundary  with  it.  This  case  must  */ 

/*      never  happen  in  theory,  but  can  happen  because  of  the  limit  of  */ 

/*      the  numerical  values.  */ 

int  GoToNextVoxel(double  X,  double  Y,  double  Z,  double  U,  double  V,  double  W, 
int  CurrentNumX,  int  CurrentNumY,  int  CurrentNumZ, 
int  *NextNumX,  int  *NextNumY,  int  *NextNumZ) 

{ 

double  CurrentDistance; 
double  NextDistance; 


/*  First  we  need  to  measure  the  current  distance  */ 
CurrentDistance  =  DistanceToVoxel(X,Y,Z,U,V,W, 

CurrentNumX,CurrentNumY,CurrentNumZ); 
if  (  CurrentDistance  <  0  )  { 

printf("Error  GoToNextVoxel:  Trajectory  does  not  cross  current  voxel\n"); 

retum(NULL); 

} 

/*  test  with  each  of  the  6  voxels  that  have  a  contact  surface  with  the  */ 
/*  current  voxel.  */ 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ  -  1 ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  ( NextDistance  >  CurrentDistance  )  { 
retum(l); 
} 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ  +  1; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
return(l); 

} 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY  -  1; 
*NextNumZ=CurrentNumZ; 
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NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  ( NextDistance  >  CurrentDistance  )  { 
retum(l); 

} 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY  +  1 ; 
*  NextNumZ=C  urrentN  umZ ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  ( NextDistance  >  CurrentDistance  )  { 
retum(l); 

} 

*NextNumX=CurrentNumX  -  1 ;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  ( NextDistance  >  CurrentDistance  )  { 
return(l); 

} 

*NextNumX=CurrentNumX  +  1 ;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
return(l); 

} 

/*  if  none  of  them  works,  the  trajectory  passes  right  trough  a  summit  */ 
/*  (impossible  in  theory)  */ 

printf("Error  GoToNextVoxel:  Trajectory  never  leaves  current  voxel\n"); 
retum(NULL); 

} 

/*  return  the  distance  along  the  direction  (U,V,W)  between  the  point  (X,Y,Z)  */ 
/*  and  the  first  reached  boundary  of  the  voxel  (NumX,NumY,NumZ).  */ 
/*  If  the  point  belongs  to  the  voxel,  then  the  return  value  is  0.  */ 
/*  If  the  trajectory  does  not  cross  the  voxel,  then  the  return  value  is  -1 .  */ 
double  DistanceToVoxel(double  X,  double  Y,  double  Z, 

double  U,  double  V,  double  W,  int  NumX,  int  NumY,  int  NumZ) 

{ 

double  MinX,  MaxX,  MinY,  MaxY,  MinZ,  MaxZ; 

double  NewX,  NewY,  NewZ; 

int  DistanceFound; 

double  ShortestDistance,  Distance; 

/*  to  set  the  limits  of  the  voxel  */ 
MinX  =  NumX  *  VOXEL_SIZE_X; 
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MaxX  =  (NumX  +  1)  *  VOXEL_SIZE_X; 
MinY  =  NumY  *  VOXEL  SIZE  Y; 
MaxY  =  (NumY  +  1)  *  VOXEL_SIZE_Y; 
MinZ  =  NumZ  *  VOXEL  SIZE  Z; 
MaxZ  =  (NumZ  +  1)  *  VOXEL  SIZE  Z; 

/*  to  check  if  the  starting  point  is  inside  the  voxel  we  want  to  reach  */ 
/*  if  it  is,  the  distance  is  null.  */ 
if  (  X  <-  MaxX  &&  X  >=  MinX  &&  Y  <=  MaxY 
Y  >=  MinY  &&  Z  <=  MaxZ  &&  Z  >=  MinZ  )  { 
retum(O.O); 

} 

/*  to  calculate  the  distance  between  the  point  and  the  voxel  */ 

/*  step  1 )  to  initialize  the  distance  we  are  looking  for  with  a  big  value  */ 

DistanceFound  =  FALSE; 

ShortestDistance  =  999999.99; 

/*  step  2)  to  check  with  the  six  planes  that  limit  the  voxel  */ 
Distance  =  (MinX  -  X)  /  U; 

NewY  =  Y  +  Distance*V;  NewZ  =  Z  +  Distance*W; 

if  (  NewY  >=  MinY  &&  NewY  <=  MaxY  &&  NewZ  >=  MinZ  &&  NewZ  <=  MaxZ  ) 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MaxX  -  X)  /  U; 

NewY  =  Y  +  Distance*V;  NewZ  =  Z  +  Distance*W; 

if  (  NewY  >=  MinY  &&  NewY  <=  MaxY  &&  NewZ  >=  MinZ  &&  NewZ  <=  MaxZ  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MinY  -  Y)  /  V; 

NewX  =  X  +  Distance*U;  NewZ  =  Z  +  Distance*W; 

if  (  NewX  >=  MinX  &&  NewX  <=  MaxX  &&  NewZ  >=  MinZ  &&  NewZ  <=  MaxZ  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 
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Distance  =  (MaxY  -  Y)  /  V; 

NewX  =  X  +  Distance*U;  NewZ  =  Z  +  Distance*W; 

if  (  NewX  >=  MinX  &&  NewX  <=  MaxX  &&  NewZ  >=  MinZ       NewZ  <=  MaxZ  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MinZ  -  Z)  /  W; 

NewX  =  X  +  Distance*U;  NewY  =  Y  +  Distance*V; 

if  (  NewX  >=  MinX  &&  NewX  <=  MaxX  «&&  NewY  >=  MinY  &&  NewY  <=  MaxY  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MaxZ  -  Z)  /  W; 

NewX  =  X  +  Distance*U;  NewY  =  Y  +  Distance*V; 

if  (  NewX  >=  MinX  &&  NewX  <=  MaxX  &&  NewY  >=  MinY  &&  NewY  <=  MaxY  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

/*  test  if  the  trajectory  crosses  the  voxel  */ 
if  (  DistanceFound  ==  TRUE  )  { 

retum(  S  hortestD  i  stance) ; 

} 

else  { 
retum(-l.O); 
} 

} 
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One-Dimensional  Histogram  Storage  C-Program  and  Module 

/*    Histogram  ID.c  */ 

/*  */ 

/*    This  module  is  a  tool  to  store  a  one  dimension  distribution  */ 

/*  */ 

#include  <stdio.h> 
#include  <math.h> 
#include  <stdlib.h> 
#include  "Histogram ID.h" 


/*  to  allocate  the  memory  to  store  a  distribution  and  to  set  the  data  */ 
/*  with  zero  */ 

int  HlD_InitHistogram(HistogramlD  *  Histogram, 
int  NbChannels,  double  DeltaChannel) 

{ 

int  NumCharmel; 

Histogram->NbChannels  =  NbChannels; 
Histogram->DeltaChannel  =  DeltaChannel; 
Histogram->Bin  =  (int  *)malloc((NbChannels  +  1) 
*  sizeof(int)); 

for  (NumChannel^O;  NumChannel<=NbChannels;  NumChannel++)  { 
Histogram->Bin[NumCharmel]  =  0; 

} 

retum(l); 
} 


/*  Insert  a  new  value  to  a  distribution.  */ 
int  HlD_AddValue(HistogramlD  *  Histogram,  double  Value) 
{ 

int  NumChannel; 

/*  To  calculate  which  channel  in  the  distribution  */ 
NumChannel  =  Value  /  Histogram->DeltaChannel; 
/*  To  add  the  new  value  in  the  right  channel  */ 
if  (NumChannel  >=  Histogram->NbChannels)  { 
Histogram->Bin[Histogram->NbChannels]  = 

Histogram->Bin[Histogram->NbChannels]  +  1 ; 

} 

else  { 

Histogram->Bin[NumChannel]  =  Histogram->Bin[NumChannel]  +  1 ; 
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} 

retum(l); 
} 


/*  To  store  the  distribution  on  the  disk.  */ 

int  HlD_StoreHistogram(HistogramlD  *  Histogram,  char  *FileName) 
{ 

int  NumChannel; 
FILE  *OutputFile; 

OutputFile  =  fopen(FileName,  "w"); 
if(OutputFile  ==NULL)  { 

printf("Error:  impossible  to  write  output  file  '%s'\n",  FileName); 

retum(-l); 

} 

fprintf(OutputFile,  "One  dimension  distributionAn"); 

for  (NumChannel=0;  NumChannel<=Histogram->NbChannels;  NumChannel++)  { 
fprintf(OutputFile,  "%6.4f  cm  ",  NumChannel *Histogram->DeltaChannel); 
fprintf(OutputFile,  "%8d\n",  Histogram->Bin[NumChannel]); 
} 

fclose(OutputFile); 
retum(l); 

} 


/*    Histogram  ID.h  */ 
/*  */ 

/*    This  module  is  a  tool  to  store  a  one  dimension  distribution  */ 

/*  */ 

/*  To  define  the  type  of  data  used  to  store  a  distribution.  */ 
typedef  struct  { 

int  NbChannels; 

double  DeltaChannel; 

int  *Bin; 

}  Histogram  ID; 

int  DlD_InitHistogram(HistogramlD  *Histogram, 

int  NbChannels,  double  DeltaChannel); 
int  DlD_AddValue(HistogramlD  *Histogram,  double  Value); 
int  DlD_StoreHistogram(HistogramlD  *Histogram,  char  *FileName); 
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2D  [^-Randomness  Chord  Length  Distribution  Z-Plane  C-Program 

/*  ChordLengthMu2D_Z.c  */ 
/*  */ 

/*  This  program  calculates  the  mu  randomness  2D  chord  length  distribution  */ 

/*  in  a  3D  voxelized  image.  The  distribution  is  measured  whithin  planes  */ 

/*  parallele  to  the  (0,x,y)  plane.  The  rays  are  fired  randomely  around  */ 

/*  the  image,  but  are  perpendicular  to  the  (0,z)  axis.  */ 

/*  The  image  can  contain  as  many  medium  as  possible  (less  or  equal  to  */ 

/*  256).  */ 

/*  The  chord  lengths  are  measured  using  rays  fired  through  the  image.  */ 

/*  The  rays  are  chosen  according  to  the  following  technique.  */ 
/*      -  an  imaginary  cylinder  parallele  to  the  (0,z)  axis  is  created  */ 
/*        surrounding  the  entire  image.  */ 
/*      -  a  point  P  is  randomly  chosen  on  the  surface  of  the  cylinder.  */ 
/*      -  a  point  P'  is  randomly  chosen  on  the  rectangle  that  is  the  */ 
/*        projection  of  the  cylinder  on  the  plan  tangent  to  the  cylinder  */ 
/*        at  point  P.  */ 

/*      -  a  ray  is  fired  from  P' along  the  direction  of  the  radius  of  the  */ 
/*        cylinder  that  passes  through  P.  */ 

/*  */ 

/He*************************************************** 

#include  <stdio.h> 

#include  <stdlib.h> 

#include  <math.h> 

#include  "../CTools/HistogramlD.h" 

/*  Internal  constant  data  of  the  tool.  Do  not  change  */ 

#define  MAX  NB  MEDIA  256 

#define  FALSE  Q 

#define  TRUE  1 

#define  SURROUNDING_MEDIUM  256 

/*  Parameters  that  you  can  define  as  you  wish  */ 

/*  Constant  data  for  the  definition  of  the  accuracy  of  the  chord  */ 

/*  length  distribution  */ 

#define  NB  CHORD  LENGTH  100 

#define  STEP_CHORD_LENGTH       0.0080  /*  cm  */ 

/*  to  define  the  number  of  rays  to  fire.  */ 

#define  NB  RA  YS  PER  PLANE  1 0 

#define  NB_PLANES  20000 

/*  the  voxel  size  */ 

#define  VOXEL  SIZE  X  0.0008 
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#defme  VOXEL  SIZE  Y  0.0008 
#defme  VOXEL  SIZE  Z  0.0009 
/*  the  number  of  voxels  */ 
#define  MIN  VOXEL  Z  -1 
#defme  MAX  VOXEL  Z  0 
#define  MIN_VOXEL_Y      -5 1 6 
#defme  MAX_VOXEL_Y       5 1 6 
#define  MIN  VOXEL  X  -657 
#defme  MAX_VOXEL_X  657 

/*  the  radius  and  the  height  of  the  cyHnder  that  surrounds  the  */ 
/*  region  to  be  treated.  For  odd  number  of  voxels,  beware  that  your  */ 
/*  image  is  not  exactly  centered  around  the  origine  of  the  referential  */ 
#define  RADIUS  0.6695  /*  cm  must  be  bigger  than  the  */ 

/*  half  diagonal  of  the  rectangle  */ 

/*  that  is  the  projection  of  the  */ 

/*  sample  on  a  plane  perpendicular  */ 

/*  to  the  (0,z)  axis.  */ 
#defme  HEIGHT  0.0016  /*  cm  must  be  bigger  than  the  */ 

/*  length  of  the  image  along  the  */ 

/*  (0,z)  axis.  */ 

/*  set  of  global  variables  used  by  the  whole  program  */ 
unsigned  char  Image[MAX_VOXEL_X  -  MIN  VOXEL  X  +  1] 

[MAX  VOXEL  Y  -  MIN  VOXEL  Y  +  1] 

[MAX  VOXEL  Z  -  MIN  VOXEL  Z  +1]; 
Histogram  1 D  CLDistribution[MAX_NB_MEDI A]; 
double  MinStepX,  MinStepY; 
int  Method; 

int  NumMedium,  NbMedia; 

int  ListMedia[MAX_NB_MEDIA]; 

/*  local  functions  */ 

void  Readlmage(char  *ImageFileName); 
void  CLDCalculO; 

void  CalculForOneRay(double  XPPrime,  double  YPPrime,  double  ZPPrime, 

double  U,  double  V,  double  W,  int  *RayCrossesImage); 
int  GoToNextVoxel(double  X,  double  Y,  double  Z,  double  U,  double  V,  double  W, 
int  CurrentNumX,  int  CurrentNumY,  int  CurrentNumZ, 
int  *NextNumX,  int  *NextNumY,  int  *NextNumZ); 
double  DistanceToVoxel(double  X,  double  Y,  double  Z, 

double  U,  double  V,  double  W,  int  NumX,  int  NumY,  int  NumZ); 

main(  int  argc,  char  *argv[] ) 
{ 

char  ImageFileName[100]; 
char  DistribFileName[100]; 
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int  NumX,  NumY,  NumZ; 
int  Medium; 

char  MethodName[100]; 


/*  checking  the  command  Hne  */ 
if  (  argc  <=  3  II  argc  >=  260  )  { 

printf("Error:  bad  command-line.\n"); 

printf("  Try  again  with  command-Hne:  "); 

printf("  ChordLengthMu2D_Z  Method  FileName  MediaList\n"); 

printf("     -  Method  refers  to  the  methods  developped  by  Derek:\n"); 

printfC  -  0:  'pure'  method\n"); 

printfC  -  1 :  'MAC_1 '  method\n"); 

printfC  -  2:  'MAC_2'  method\n"); 

printf("     -  FileName  refers  to  the  name  of  the  image  fileAn"); 

printfC     -  MediaList  is  the  Hst  of  media  contained  in  the  image\n"); 

printfC  (maximum  number:  256).\n"); 

printfC  ex:  ChordLengthMu2D_Z  0  FemurHead256x256x256  0  255\n"); 

printfC      The  image  contains  2  media  represented  by  0  and  255\n"); 

printfC      The  output  files  will  have  the  file  name  plus  an  "); 

printfC  extension  to\n         differenciate  them\n"); 

printfC  The  image  file  must  be  in  the  directory  './data'\n"); 

printfC  The  output  files  will  be  in  the  directory  './data'\n"); 

exit(O); 

} 

/*  read  the  parameters  */ 
Method  =  atoi(argv[l]); 
switch  (Method)  { 
case  0: 

strcpy(MethodName,"PURE"); 
break; 
case  1 : 

strcpy(MethodName,"MACl "); 
break; 
case  2: 

strcpy(MethodName,"MAC2"); 
break; 

} 

sprintf(ImageFileName,"./data/%s",argv[2]); 
NbMedia  =  argc  -  3; 

for  ( NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
ListMedia[NumMedium]  =  atoi(argv[NumMedium+3]); 
} 


/*  to  read  the  image  */ 
Readlmage(ImageFileName); 


307 


/*  to  initialize  the  chord  length  distributions  */ 
for  (  NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
HlD_InitHistogram(&CLDistribution[NumMedium], 

NB_CHORD_LENGTH,  STEP_CHORD_LENGTH); 

} 

/*  to  calculate  the  chord  length  distribution  within  the  image  */ 
CLDCalculO; 

/*  to  Save  the  distributions  on  the  disk  */ 

for  ( NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
sprintf(DistribFileName,"./data/%s2D_Z.Med%03d_%s", 

argv[2],ListMedia[NumMedium],MethodName); 
H 1  D_StoreHistogram(&CLDistribution[NumMedium],  DistribFileName); 

) 

} 

void  Readlmage(char  *ImageFileName) 
{ 

FILE  *ImageFileToRead; 

unsigned  char  Voxel; 

int  NumX,  NumY,  NumZ; 

/*  to  open  the  file  */ 

ImageFileToRead  =  fopen(ImageFileName,"r"); 
if  (ImageFileToRead  ==  NULL)  { 
printf("  Error.  Problem  to  read  file  '%s'\n",  ImageFileName); 

} 

else  { 
/*  to  read  the  file  */ 

for  (NumZ=MIN_VOXEL_Z;  NumZ<=MAX_VOXEL_Z;  NumZ++)  { 
for  (NumY=MIN_VOXEL_Y;  NumY<=MAX_VOXEL_Y;  NumY++)  { 
for  (NumX=MIN_VOXEL_X;  NumX<=MAX_VOXEL_X;  NumX++)  { 
Voxel  =  (unsigned  char)fgetc(ImageFileToRead); 
Image[NumX  -  MIN_VOXEL_X][NumY  -  MIN_VOXEL_Y] 
[NumZ  -  MIN_VOXEL_Z]  =  Voxel; 

} 

} 

fclose(ImageFileToRead); 
} 

} 

void  CLDCalculQ 
{ 

int  PlaneNumber; 
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int  RayNumber; 
double  RandomNumber; 
double  Theta; 
double  U,  V,  W; 

double  XPrimePPrime,  YPrimePPrime; 
double  XPPrime,  YPPrime,  ZPPrime; 
int  NbPPrimelnlmage; 
int  NbRaysDoNotlntersect; 
int  RayCrossesImage; 

/*  Init  all  the  stuff  */ 
srand48(l); 

NbPPrimelnlmage  =  0; 
NbRaysDoNotlntersect  =  0; 

/*  calculate  the  chord  length  distribution  */ 

for  (  PlaneNumber=0;  PlaneNumber<NB_PLANES;  PlaneNumber++  )  { 
if  ( (PlaneNumber  %  100)  ==  0  )  { 
printf("%d\n",  PlaneNumber); 
fflush(stdout); 
} 

/*  step  1 )  choose  a  random  point  P  on  a  cylinder  that  surrounds  the  */ 

/*  region  to  be  treated.  It  is  define  in  cylindrical  */ 

/*  coordinates  by:  Theta:  chosen  randomly  */ 

/*  R:  the  radius  of  the  cylinder  */ 

RandomNumber  =  drand48(); 
Theta  =  2.0  *  M_PI  *  RandomNumber; 

/*  step  2)  calculate  the  direction  of  the  ray.  it  is  along  the  */ 

/*  radius  of  the  cylinder  that  passes  through  P,  but  */ 

/*  oriented  from  P  to  the  center  of  the  cylinder.  */ 
U  =  -cos(Theta); 
V  =  -sin(Theta); 
W  =  0.0; 

/*  step  3)  to  calculate  the  minimum  chord  length  to  be  recorded  */ 
/*  these  values  are  used  in  the  'large_r  and  'large_2'  */ 
/*  methods  */ 

MinStepX  =  fabs(VOXEL_SIZE_X  /  U); 

MinStepY  =  fabs(VOXEL_SIZE_Y  /  V); 

for  (  RayNumber=0;  RayNumber<NB_RAYS_PER_PLANE;  RayNumber++  )  { 

/*  step  4)  chooses  a  random  point  P'  on  the  rectangle  that  is  the  */ 
/*  projection  of  the  cylinder  on  the  plan  tangent  to  the  */ 
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/*  cylinder  and  that  passes  through  P.  P'  is  first  */ 
/*  determined  in  cartesian  coordinates  relatively  to  the  */ 
/*  plan.  */ 
RandomNumber  =  drand48(); 

XPrimePPrime  =  2.0  *  RADIUS  *  (RandomNumber  -  0.5); 

RandomNumber  =  drand48(); 

YPrimePPrime  =  HEIGHT  *  (RandomNumber  -  0.5); 

/*  step  5)  transforms  the  cartesian  coordinates  of  P'  in  */ 

/*  the  plane  into  the  absolute  3D  cartesien  coordinates  */ 
/*  system  (cf.  demonstration  in  Didier's  note  book)  */ 

XPPrime  =  RADIUS  *  cos(Theta)  +  XPrimePPrime  *  sin(Theta); 

YPPrime  =  RADIUS  *  sin(Theta)  -  XPrimePPrime  *  cos(Theta); 

ZPPrime  =  YPrimePPrime; 

/*  step  6)  to  travel  the  ray  to  the  edge  of  the  sample  */ 

if  (  XPPrime  >  (MIN  VOXEL  X  *  VOXEL_SIZE_X)  && 

XPPrime  <  ((MAX  VOXEL  X  +  1)  *  VOXEL  SIZE  X)  && 
YPPrime  >  (MIN  VOXEL  Y  *  VOXEL  SIZE  Y)  «fe& 
YPPrime  <  ((MAX  VOXEL  Y  +  1)  *  VOXEL  SIZE  Y)  && 
ZPPrime  >  (MIN  VOXEL  Z  *  VOXEL  SIZE  Z)  && 
ZPPrime  <  ((MAX  VOXEL  Z  +  1)  *  VOXEL  SIZE  Z) )  { 
NbPPrimelnlmage  =  NbPPrimelnlmage  +  I ; 
} 

else  { 

CalculForOneRay(XPPrime,  YPPrime,  ZPPrime,  U,  V,  W, 

&RayCrossesImage); 
if  (RayCrossesImage  ==  FALSE)  { 

NbRaysDoNotlntersect  =  NbRaysDoNotlntersect  +  1 ; 

} 

} 

} 

} 

/*  print  the  statistics  */ 

printf("Chord  length  distribution  calculation  through  a  256  media  3D  "); 
printf("image.\n\n"); 

printf("  Nb  planes  tangent  to  the  cylinder  %5d\n",  NB  PLANES); 
printf("  Nb  rays  fired  per  plane:  %5d\n", 

NBRAYSPERPLANE); 
printf("  Total  number  of  rays  fired:  %5d\n", 

NB_PLANES*NB_RAYS_PER_PLANE); 
printf("  Nb  rays  started  within  the  image:  %5d\n", 

NbPPrimelnlmage); 
printf("  (if  not  0  increase  the  size  of  the  cylinder)\n"); 

printf("  Nb  rays  that  do  not  intersect  the  image:  %5d\n", 

NbRaysDoNotlntersect) ; 
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printf("  (if  too  big,  decrease  the  radius  of  the  cyHnder)\n"); 

} 

void  CalculForOneRay(double  XPPrime,  double  YPPrime,  double  ZPPrime, 
double  U,  double  V,  double  W,  int  *RayCrossesImage) 

{ 

int  CurrentNumX,  CurrentNumY,  CurrentNumZ; 
int  NextNumX,  NextNumY,  NextNumZ; 
double  DistanceFromStart,  DistanceBeforeMedium; 
double  DistancelnMedium; 

int  CurrentMedium,  MediumPreviousVoxel,  MediumBeforeChord; 
int  MediumRank,  NumMedium; 

/*  to  initialize  all  the  data  */ 

*RayCrossesImage  =  FALSE; 

CurrentNumX  =  XPPrime  /  VOXELSIZEX; 

if  (  XPPrime  <  0.0  )  {  CurrentNumX  =  CurrentNumX  -  1;  } 

CurrentNumY  =  YPPrime  /  VOXEL  SIZE  Y; 

if  (  YPPrime  <  0.0  )  {  CurrentNumY  =  CurrentNumY  -  1;  } 

CurrentNumZ  =  ZPPrime  /  VOXEL  SIZE  Z; 

if  (  ZPPrime  <  0.0  )  {  CurrentNumZ  =  CurrentNumZ  -  1 ;  } 

DistanceFromStart  =  0.0; 

DistanceBeforeMedium  =  0.0; 

CurrentMedium  =  SURROUNDINGMEDIUM; 

MediumPreviousVoxel  =  SURROUNDINGMEDIUM; 

MediumBeforeChord  =  SURROUNDINGMEDIUM; 

/*  to  travel  the  ray  trough  the  cylinder  surrounding  the  image  */ 

while  (DistanceFromStart  <  (2* RADIUS))  { 

MediumPreviousVoxel  =  CurrentMedium; 

GoToNextVoxel(XPPrime,  YPPrime,  ZPPrime,  U,  V,  W, 
CurrentNumX,  CurrentNumY,  CurrentNumZ, 
&NextNumX,  &NextNumY,  &NextNumZ); 

CurrentNumX  =  NextNumX; 

CurrentNumY  =  NextNumY; 

CurrentNumZ  =  NextNumZ; 

DistanceFromStart  =  DistanceToVoxel(XPPrime,YPPrime,ZPPrime,U,V,W, 

CurrentNumX,CurrentNumY,CurrentNumZ); 
if  (  CurrentNumX  >=  MIN_VOXEL_X  &&  CurrentNumX  <=  MAX  VOXEL  X 

&& 

CurrentNumY  >=  MIN  VOXEL  Y  &&  CurrentNumY  <=  MAX  VOXEL  Y  && 
CurrentNumZ  >=  MIN  VOXEL  Z  &&  CurrentNumZ  <=  MAX  VOXEL  Z  )  { 
*RayCrossesImage  =  TRUE; 

CurrentMedium  =  Image  [CurrentNumX  -  MIN  VOXEL  X] 
[CurrentNumY  -  MIN  VOXEL  Y] 
[CurrentNumZ  -  MIN  VOXEL  Z]; 

} 
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else  { 

CurrentMedium  =  SURROUNDINGMEDIUM; 
} 

if  (  CurrentMedium  !=  MediumPrevious Voxel )  { 
DistancelnMedium  =  DistanceFromStart  -  DistanceBeforeMedium; 
DistanceBeforeMedium  =  DistanceFromStart; 
if  (  CurrentMedium  !=  SURROUNDING  MEDIUM  && 

MediumPreviousVoxel  !=  SURROUNDING_MEDIUM  && 
MediumBeforeChord     SURROUNDING  MEDIUM  )  { 
/*  to  look  for  the  medium  rank  in  the  list  */ 
MediumRank  =  0; 

for  ( NumMedium=0;  NumMedium<NbMedia;  NumMedium++  )  { 
if  (ListMedia[NumMedium]  ==  MediumPreviousVoxel)  { 
MediumRank  =  NumMedium; 

} 

} 

/*  to  store  the  chord  length  according  to  the  method  used  */ 
/*  to  eliminate  the  voxel  effect  B  */ 
switch  (Method)  { 
case  0: 

H 1  D_AddValue(&CLDistribution[MediumRank], 
DistancelnMedium); 

break; 
case  1: 

if  (  DistancelnMedium  >  MinStepX  || 
DistancelnMedium  >  MinStepY  )  { 
HlD_AddValue(&CLDistribution[MediumRank], 
DistancelnMedium); 

} 

break; 
case  2: 

if  (  DistancelnMedium  >  MinStepX  && 
DistancelnMedium  >  MinStepY  )  { 
HID_AddValue(«feCLDistribution[MediumRank], 
DistancelnMedium); 

} 

break; 

} 

} 

MediumBeforeChord  =  MediumPreviousVoxel; 

} 

} 

} 

/*  From  a  starting  point(X,Y,Z),  and  in  a  specific  direction  (U,V,W)'  return  */ 

/*  the  next  voxel  (NextNumX,NextNumY,NextNumZ)  crossed  by  the  trajectory  */ 
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/*  right  after  the  voxel  (CurrentNumX,CurrentNumY,CurrentNumZ).  */ 

/*  The  ftinction  returns  NULL  in  the  two  following  cases:  */ 

/*     -  if  the  trajectory  does  not  cross  the  current  voxel  */ 

/*     -  if  the  trajectory  does  not  leave  the  current  voxel  through  one  */ 

/*      of  the  four  voxels  which  have  a  boundary  with  it.  This  case  must  */ 

/*      never  happen  in  theory,  but  can  happen  because  of  the  limit  of  */ 

/*      the  numerical  values.  */ 

int  GoToNextVoxel(double  X,  double  Y,  double  Z,  double  U,  double  V,  double  W, 

int  CurrentNumX,  int  CurrentNumY,  int  CurrentNumZ, 

int  *NextNumX,  int  *NextNumY,  int  *NextNumZ) 

{ 

double  CurrentDistance; 
double  NextDistance; 

/*  First  we  need  to  measure  the  current  distance  */ 
CurrentDistance  =  DistanceToVoxel(X,Y,Z,U,V,W, 

CurrentNumX,CurrentNumY,CurrentNumZ); 
if  (  CurrentDistance  <  0  )  { 

printf("Error  GoToNext Voxel:  Trajectory  does  not  cross  current  voxel\n"); 

retum(NULL); 

} 

/*  test  with  each  of  the  6  voxels  that  have  a  contact  surface  with  the  */ 
/*  current  voxel.  */ 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ  -  1 ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
return(l); 

} 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ  +  1 ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
retum(l); 

} 

*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY  -  1; 
*NextNumZ=CurrentNumZ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
return(l); 

} 
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*NextNumX=CurrentNumX;  *NextNumY=CurrentNumY  +  1 ; 
*NextNumZ=CuiTentNumZ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
return(l); 
} 

*NextNumX=CurrentNumX  -  1 ;  *NextNumY=CurrentNumY; 
*NextNumZ=CuiTentNumZ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  ( NextDistance  >  CurrentDistance  )  { 
return(l); 

} 

*NextNumX=CurrentNumX  +  1;  *NextNumY=CurrentNumY; 
*NextNumZ=CurrentNumZ; 
NextDistance  = 

DistanceToVoxel(X,Y,Z,U,V,W,*NextNumX,*NextNumY,*NextNumZ); 
if  (  NextDistance  >  CurrentDistance  )  { 
return(l); 

} 

/*  if  none  of  them  works,  the  trajectory  passes  right  trough  a  summit  */ 
/*  (impossible  in  theory)  */ 

printf("Error  GoToNext Voxel:  Trajectory  never  leaves  current  voxelVn"); 
return(NULL); 

} 

/*  return  the  distance  along  the  direction  (U,V,W)  between  the  point  (X,Y,Z)  */ 
/*  and  the  first  reached  boundary  of  the  voxel  (NumX,NumY,NumZ).  */ 
/*  If  the  point  belongs  to  the  voxel,  then  the  return  value  is  0.  */ 
/*  If  the  trajectory  does  not  cross  the  voxel,  then  the  return  value  is  -1 .  */ 
double  DistanceToVoxel(double  X,  double  Y,  double  Z, 

double  U,  double  V,  double  W,  int  NumX,  int  NumY,  int  NumZ) 

double  MinX,  MaxX,  MinY,  MaxY,  MinZ,  MaxZ; 

double  NewX,  NewY,  NewZ; 

int  DistanceFound; 

double  ShortestDistance,  Distance; 

/*  to  set  the  limits  of  the  voxel  */ 
MinX  =  NumX  *  VOXEL  SIZE  X; 
MaxX  =  (NumX  +  1)  *  VOXEL  SIZE  X; 
MinY  =  NumY  *  VOXEL_SIZE_Y; 
MaxY  =  (NumY  +  1)  *  VOXEL  SIZE  Y; 
MinZ  =  NumZ  *  VOXEL  SIZE  Z; 
MaxZ  =  (NumZ  +  1)  *  VOXEL  SIZE  Z; 
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/*  to  check  if  the  starting  point  is  inside  the  voxel  we  want  to  reach  */ 
/*  if  it  is,  the  distance  is  null.  */ 
if  (  X  <=  MaxX  «fe&  X  >=  MinX  &&  Y  <=  MaxY  && 
Y  >=  MinY  &&  Z  <=  MaxZ  &&  Z  >=  MinZ  )  { 

retum(O.O); 

} 

/*  to  calculate  the  distance  between  the  point  and  the  voxel  */ 

/*  step  1)  to  initialize  the  distance  we  are  looking  for  with  a  big  value  */ 

DistanceFound  =  FALSE; 

ShortestDistance  =  999999.99; 

/*  step  2)  to  check  with  the  six  planes  that  limit  the  voxel  */ 
Distance  =  (MinX  -  X)  /  U; 

NewY  =  Y  +  Distance*V;  NewZ  =  Z  +  Distance*W; 

if  ( NewY      MinY  &&  NewY  <=  MaxY  «&&  NewZ  >=  MinZ  «&&  NewZ  <=  MaxZ  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MaxX  -  X)  /  U; 

NewY  =  Y  +  Distance*V;  NewZ  =  Z  +  Distance*W; 

if  ( NewY  >=  MinY       NewY  <=  MaxY  &&  NewZ  >=  MinZ  «fe&  NewZ  <=  MaxZ  ) 

{ 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MinY  -  Y)  /  V; 

NewX  =  X  +  Distance*U;  NewZ  =  Z  +  Distance*W; 

if  ( NewX  >=  MinX  &&  NewX  <=  MaxX       NewZ  >=  MinZ  &&  NewZ  <=  MaxZ  ) 

if  (  Distance  <  ShortestDistance       Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 

} 

} 

Distance  =  (MaxY  -  Y)  /  V; 

NewX  =  X  +  Distance*U;  NewZ  =  Z  +  Distance*W; 

if  (  NewX  >=  MinX  &&  NewX  <=  MaxX  &&  NewZ  >=  MinZ  &&  NewZ  <=  MaxZ  ) 
if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
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ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 

} 

} 

Distance  =  (MinZ  -  Z)  /  W; 

NewX  =  X  +  Distance*U;  NewY  =  Y  +  Distance*V; 

if  ( NewX  >=  MinX  &&  NewX  <=  MaxX  &&  NewY  >=  MinY  &&  NewY  <=  MaxY  ) 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

Distance  =  (MaxZ  -  Z)  /  W; 

NewX  =  X  +  Distance*U;  NewY  =  Y  +  Distance*V; 

if  (  NewX  >=  MinX  &&  NewX  <=  MaxX  &&  NewY  >=  MinY  &&  NewY  <=  MaxY ) 

if  (  Distance  <  ShortestDistance  &&  Distance  >  0.0  )  { 
ShortestDistance  =  Distance; 
DistanceFound  =  TRUE; 
} 

} 

/*  test  if  the  trajectory  crosses  the  voxel  */ 
if  (  DistanceFound  ==  TRUE  )  { 

return(ShortestDistance); 

} 

else  { 
return(-l.O); 
} 

} 


APPENDIX  J 
CONVERGENCE  VALUE  DERIVATION 


For  the  infinite  trabecular  region  transport  model,  the  absorbed  fraction  to  a  target 
region  at  high  electron  energies  approaches  a  convergence  value  that  is  independent  of 
the  source  region  (trabecular  marrow  space  TMS,  trabecular  bone  endosteum  TBE,  or 
trabecular  bone  volume  TBV).  Consider  an  infinite  region  of  trabecular  bone  that  is 
uniformly  traversed  by  a  large  number  of  high-energy  electron  tracks.  The  mean 
absorbed  dose  at  any  given  point  in  the  region  is  thus  given  as  the  product  of  the  mean 
collisional  mass  stopping  power  and  the  average  fluence  of  electrons  at  that  point. 
Furthermore,  the  electron  fluence  may  be  expressed  as  the  sum  of  all  electron  track 
lengths  (assumed  to  be  straight)  that  occur  through  the  target  region  divided  by  the 
volume  of  the  target  region  (Chilton  1978;  Chilton  1979;  Attix  1986).  The  mean 
absorbed  dose  to  the  trabecular  marrow  space  (TMS),  for  example,  may  be  written  as: 


pdx 


V 


A.l 


where  Ltms  is  the  cumulative  electron  track  lengths  (assumed  to  be  straight)  through  the 
TMS  and  Vjms  is  the  total  volume  of  the  trabecular  marrow  space.  Given  a  broad  and 
uniform  traversal  of  the  entire  trabecular  bone  region  by  these  high-energy  electrons,  one 
may  approximate  Ltms  as  the  product  of  the  total  electron  pathlength  through  all  skeletal 
regions  within  the  site,  Lt,  and  the  volume  fraction  of  TMS  within  that  site  (VtmsA^t): 
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The  total  energy  imparted  to  the  TMS  target  is  thus  the  product  of  its  mean  absorbed  dose 
and  the  total  mass  of  TMS: 
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The  total  energy  expended  in  the  bone  endosteum  and  bone  volume  of  the  skeletal  site 
would  thus  be  given  as: 
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The  convergence  value  of  the  absorbed  fraction  to  the  TMS  for  a  uniform  high-energy 
electron  irradiation  of  the  trabecular  bone  site  would  thus  be  given  as  the  ratio  of  the  total 
energy  deposited  to  the  TMS  to  the  total  energy  expended  within  all  target  sites  (TMS, 
TBE,  and  TBV): 


(p{TMS<-S)  = 
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where  the  mass  collisional  stopping  power  for  the  endosteum  is  set  equal  to  that  for  the 
marrow  space  (both  soft  tissue  regions).  Similar  expressions  for  the  convergence  values 
of  the  absorbed  fraction  to  the  TBE  and  TBV  are: 


318 


^{TBE<-S)  = 


m 


THE 


TBV 


idT/  \ 


,  and  A.7 


c.ms  J 


(p{TBV<^S)  = 


dT/ 


m 


TBV 


^TMS  +  ^TBE  ^TMV 


JMS  J 


^TBE  + 


dT/ 


pdx)^ 


■JBV 


(dT/ 
\  /  pdx 


m 


ray 


c.TMS  J 


A.8 


At  4.0  MeV,  the  values  of  the  mass  collisional  stopping  powers  for  adult  cortical  bone 
(TBV)  and  adult  red  marrow  (TMS  and  TBE)  are  1 .67  MeV  cmVg  and  1 .86  MeV  cm^/g, 
respectively  (ICRU  1992). 


APPENDIX  K 

EGS4  MACROSTRUCTURAL  TRANSPORT  MODEL  (FEMORAL  AND  HUMERAL 

HEADS) 


%L 
%E 

UNDENT  M  4;    "INDENT  EACH  MORTRAN  NESTING  LEVEL  BY  4" 
UNDENT  F  2;    "INDENT  EACH  FORTRAN  NESTING  LEVEL  BY  2" 

"This  line  is  80  characters  long,  use  it  to  set  up  the  screen  width" 

"23456789|123456789|123456789|123456789|123456789|123456789|123456789|123456 
789" 


I.********************************** ******************** 

"  This  program  calculates  the  specific  absorbed  fractions  in  a  3  D  image  for  " 

"  a  random  source  located  in  the  marrow  or  the  bone  depending  on  the  type  of  " 

"  radionuclide  we  are  considering.  Fat  cells  will  be  in  the  images. 
"***********************^^^^^,^^^^^^^^^^^^^^^^^^^^^^^^^^_i^^^_i^^^^^^^_^^^^^^_^ 


"STEPl:  USER-0VERRIDE-0F-EGS4-MACR0S 

ft 

  " 

REPLACE  {SMXMED}  WITH  {4}  "4  medium  in  the  problem(default  10)" 

REPLACE  {$MXREG}  WITH  {5}  "5  geometric  regions  (default  2000)" 

REPLACE  {$MXSTACK}  WITH  {50}        "less  than  50  particles  on  stack  at  once" 

"  This  is  a  program  that  is  writing  for  segmented  and  filtered  images.  " 

"REPLACE  FOR  PRESTA" 
REPLACE  {$STAT}  WITH  {1} 
REPLACE  {$MXDATA}  WITH  {2} 

REPLACE  {$CALL-HOWNEAR(TPERP)}  WITH  {CALL  DIST_REGION(TPERP);} 
"END  of  replace  for  presta" 

REPLACE  {$NB_PART}  WITH  {1000}      "  number  of  particles  for  each  run" 
REPLACE  {$NB_RUN}  WITH  {10}         "  number  of  run  for  each  energy" 
REPLACE  {$PI}  WITH  {3.1415926535897932D+00} 

REPLACE  {$X_VOXEL}  WITH  {106}    "  the  number  of  voxels  in  x  dimension" 
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REPLACE  {$Y_VOXEL}  WITH  {221 }  "  the  number  of  voxels  in  y  dimension  " 
REPLACE  { $Z_VOXEL }  WITH  {131}    "the  number  of  voxels  in  z  dimension  " 

REPLACE  {$X_MAX_VOXEL}  WITH  {106}  "  max  x  voxel  in  region  of  interest 
REPLACE  {$Y_MAX_VOXEL}  WITH  {221 }  "  max  y  voxel  in  region  of  interest 
REPLACE  {$Z_MAX_VOXEL}  WITH  {131}  "  max  z  voxel  in  region  of  interest" 
REPLACE  {$X_MIN_VOXEL}  WITH  { 1 }   "  min  x  voxel  in  region  of  interest" 
REPLACE  {$Y_MIN_VOXEL}  WITH  { 1 }   "  min  y  voxel  in  region  of  interest" 
REPLACE  { $Z_M1N_V0XEL }  WITH  { 1 }   "  min  z  voxel  in  region  of  interest" 

REPLACE  {$REG_MARROW}  WITH  {1} 
REPLACE  {SREG  BONE}  WITH  {2} 
REPLACE  {SREG  FAT}  WITH  {3} 
REPLACE  {$REG_OUTSIDE}  WITH  {5} 
REPLACE  {$REG_CORT}  WITH  {4} 

REPLACE  {$X_DIM}  WITH  {0.931640625}  "  in  centimeters,  x  direction" 
REPLACE  {$Y_DIM}  WITH  {1.9423828125}  "  in  centimeters,  y  direction  " 
REPLACE  {$Z_DIM}  WITH  {1.1513671875}  "  in  centimeters,  z  direction  " 
REPLACE  {$FEMUR_INNER_RADIUS}  WITH  {2.5D+0} 
REPLACE  {$FEMUR_OUTER_RADIUS}  WITH  {2.65D+0} 
"innerradius+corticalshell" 

REPLACE  {$BOUNDARY_ WIDTH}  WITH  {l.OD-10} 

"  To  redefine  the  egs4  variables  into  Double  Precision  " 
REPLACE  {;COMIN/STACK/;}  WITH 

{;COMMON/STACK/$LGN(E,X,Y,Z,U,V,W,DNEAR,WT,IQ,IR,LATCH 

($MXSTACK)),LATCHLNP; 

DOUBLE  PRECISION  E,X,Y,Z,U,V,W,DNEAR;} 

REPLACE  {;COMIN/EPCONT/;}  WITH 

{;COMMON/EPCONT/EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP, 

RH0F,E0LD,ENEW,EKE,ELKE,BETA2,GLE,TSCAT,IDISC,IR0LD,IRNEW, 
IAUSFL($MXAUS); 

DOUBLE  PRECISION  EDEP,TSTEP,TUSTEP,USTEP,TVSTEP,VSTEP 
RH0F,E0LD,ENEW,ELKE,BETA2,GLE,TSCAT;} 


"DEFINE  A  COMMON  TO  PASS  INFORMATION  TO  THE  GEOMETRY  ROUTINE 
HOWFAR" 

REPLACE  {;COMIN/GEOM/;}  WITH 

{;COMMON/GEOM/  Image,  XVoxelDim,  YVoxelDim,  ZVoxelDim,NumParticle 
Medl; 

CHARACTER  Image($X_VOXEL,$Y_VOXEL,$Z_VOXEL); 
DOUBLE  PRECISION  XVoxelDim,  YVoxelDim,  ZVoxelDim- 
INTEGER  NumParticle,  Medl;} 
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"DEFINE  A  COMMON  TO  PASS  INFORMATION  FOR  YOUR  VARIABLE 

TRACKING  IN  AUSGAB" 

REPLACE  {;C0MIN/ENERG1/;}  WITH 

{ ;COMMON/ENERG  1  /CumulEnergyOutside,CumulEnergyBone, 

CumulEnergyMaiTow,CumulEnergyFat,CumulEnergyEndo,CumulEnergyLost, 

CumulEnergyCort,  CumuIEnergyMarrow2; 

DOUBLE  PRECISION  CumulEnergyOutside,  CumuIEnergyBone, 

CumulEnergyFat,CumulEnergyEndo,CumuIEnergyLost,CumulEnergyCort, 

CumulEnergy Marrow,  CumulEnergyMarrow2;} 

"HERE  YOU  NEED  TO  DEFINE  YOUR  RANDOM  NUMBER  GENERATOR:  " 
"  A  commonly  used  random  number  generator  is  Ranmar:  " 
"  Ranmar  is  a  long  sequence  RNG  by  Marsaglia  and  Zaman.  " 

It  is  a  pseudo  random  number  generator  returning  a  single  precision" 
"  real  number  between  0  (inclusive)  and  1  (exclusive). 
"  The  cycle  length  of  this  generator  is  2**  144 

Initialization  sunroutine  rmarin  is  required  " 
"  This  rng  is  described  in:  " 
"  'A  review  of  pseudorandom  number  generators  by  F  James' 
"  in  publication  dd/88/22  from  the  CERN  data  handling  division  " 

REPLACE  {;COMIN/RANDOM/;}  WITH  { 

;common/randomm/urndm(97),cmdm,cdrndm,cmrndm,r4opt,ixx,jxx; 
double  precision  urndm,crndm,cdrndm,cmrndm,r4opt; 
integer  ixxjxx;  } 

REPLACE  {$RNG-INITIALIZATION;}  WITH  {;call  rmarin;}  ; 

REPLACE  {$COMMON-RANDOM-DECLARATION-IN-BLOCK-DATA;}  WITH 

{;COMIN/RANDOM/;}  ; 

REPLACE  {$RANDOMSET#;}  WITH 

{  r4opt  =  urndm(ixx)  -  umdm(jxx); 

IF(r4opt  <  0)  r4opt  =  r4opt  +  1 ; 

umdm(ixx)  =  r4opt; 

ixx  =  ixx  -  1 ;  IF(ixx  =  0)  ixx  =  97; 

jxx  =  jxx  -  1 ;  IF(jxx  =  0)  jxx  =  97; 

crndm  =  crndm  -  cdmdm; 

IF(crndm  <  0)  crndm  =  crndm  +  cmrndm; 

r4opt  =  r4opt  -  crndm; 

IF(r4opt  <  0)  r4opt  =  r4opt  +  1 ; 

{Pl}=r4opt;}; 


"HERE  NEED  TO  DEFINE  THE  COMMON  FOR  THE  MAIN  PROGRAM  " 
"USING  THE  COMIN  MACRO  DEFINE  IN  EGS4" 
BOUNDS  CONTAINS  ECUT  AND  PCUT" 
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GEOM  PASSES  INFO  TO  OUR  HOWFAR  ROUTINE" 
MEDIA  CONTAINS  THE  ARRAY  MEDIA" 
MISC  CONTAINS  MED" 
THRESH  CONTAINS  AE  AND  AP" 
"ENERGl  PASSES  INFO  TO  THE  AUGAB  ROUTINE" 

;COMIN/EPCONT,GEOM,STACK,BOUNDS,MEDIA,MISC,THRESH,ENERG  1  ,RAN 
DOM, 

USEFUL,ELECIN,USER-STEP-CONTROLS,USER-PRESTA/; 


"NEED  TO  CODE  ALL  THIS  INFORMATION" 

INTEGER  FileEnergies; 
PARAMETER  (  FileEnergies  =  24  ); 

DOUBLE  PRECISION  KineticEnergy; 
REAL  XIN,  YIN.  ZIN,  UIN,  VIN,  WIN; 
INTEGER  IRIN.  I; 

INTEGER  NumRun,  NumX,  NumY,  NumZ; 
INTEGER  IDINT; 
INTEGER  NumByte; 

DOUBLE  PRECISION  AFMarrow2,  AFMarrow,  AFBone,  AFOutside,  AFEndo 
TotalAF; 

DOUBLE  PRECISION  MeanAFMarrow,  MeanAFMarrow2,  MeanAFBone, 
MeanAFEndo; 

DOUBLE  PRECISION  MeanAFOutside,  StdDevAFOutside,  TotalLost,  MeanAFLosf 
DOUBLE  PRECISION  StdDevAFMarrow,  StdDevAFBone, 
StdDevAFEndo,StdDevAFLost; 

DOUBLE  PRECISION  StdDevAFMarrow2,  AFFat,  MeanAFFat,  StdDevAFFaf 
DOUBLE  PRECISION  StdDevAFCort,  AFCort,  MeanAFCort; 
DOUBLE  PRECISION  StdDevAFFat2,  AFFat2,  MeanAFFat2- 
CHARACTER  tmp; 
LOGICAL  NoMoreEnergy; 

"  functions  invoked  " 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  DSQRT,  IDINT; 


"STEP  2  PRE-HATCH-CALL-INITIALIZATION 


"PLACE  MEDIUM  NAME  IN  AN  ARRAY" 
"  $S  IS  A  MORTRAN  MACRO  TO  EXPAND  STRINGS  " 
"  $TYPE  IS  INTEGER  (F4)  OR  CHARACTERM  (F77) " 
"  DEPENDING  ON  THE  EGS4  VERSION  BEING  USED  " 


323 


"IN  ORDER  TO  MATCH  THE  TYPE  OF  MEDIA  " 
$TYPE  TEMP(24,$MXMED)  /$S'MARR0W',18*' ', 

$S'BONE',20*' ', 

$STAT',21*", 

$S'TISSUE',18*"/; 

NMED  =  $MXMED;      "Set  number  of  mediums." 
NREG  =  $MXREG;      "Set  number  of  regions." 

DO  J  =  1,NMED  [  DO  I=1,24[MEDIA(I,J)=TEMP(I,J);]  ] 

"THIS  IS  TO  AVOID  A  DATA  STATEMENT  FOR" 

"  A  VARIABLE  IN  COMMON" 

"DUNIT  DEFAULT  TO  1,  I.E.  WE  WORK  IN  CM" 

MED($REG_MARROW)  =  I; 
MED($REG_BONE)  =  2; 
MED($REG_FAT)  =  3; 
MED($REG_OUTSIDE)  =  4; 
MED($REG_CORT)  =  2; 

"  To  terminate  electron  and  photon  histories  at  10  keV  " 
ECUT  IS  TOTAL  ENERGY  IN  MEV  " 

ECUT($REG_MARROW)  =  0.521; 
PCUT($REG_MARROW)  =  0.010; 
ECUT($REG_BONE)  =  0.521; 
PCUT($REG_BONE)  =  0.010; 
ECUT($REG_FAT)  =  0.521; 
PCUT($REG_FAT)  =  0.010; 
ECUT($REG_OUTSIDE)  =  0.521; 
PCUT($REG_OUTSIDE)  =  0.010; 
ECUT($REG_CORT)  =  0.521; 
PCUT($REG_CORT)  =  0.010; 


"STEP  3  HATCH-CALL 


CALL  HATCH;"    PICK  UP  CROSS  SECTION  DATA  FOR  BONE  AND  TISSUE" 
DATA  FILE  MUST  BE  ASSIGNED  TO  UNIT  12" 

"  Initialization  for  random  number  generator  " 
IXX  =  0;  JXX  =  0; 
$RNG-INITIALIZATION; 


IQIN=-1; 


"  will  start  with  electrons  " 
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"need  to  read  in  the  image  here" 

OPEN(25,  FILE='../../../images/M400/05/M400_05. 1 0.gray', 
ACCESS='DIRECT',ERR=95,  F0RM='F0RMATTED',RECL=1); 
GOTO  101; 

95  PRINT  *,  'error  opening'; 

101  PRINT*, 'after open'; 

NumByte  =  1 ; 
DO NumX-l,$X_VOXEL  [ 
DO  NumY=l,$Y_VOXEL  [ 
DO  NumZ=l,$Z_VOXEL  [ 
READ(25,  '(Al)',  REC=NumByte)  tmp; 
Image(NumX,NumY,NumZ)=tmp; 
NumByte  =  NumByte  +1 ; 
] 

] 

] 

CLOSE  (25); 


"SET  UP  OF  PRESTA  STUFF  HERE  SO  WE  CAN  CONTROL  STEP  SIZE 
ECUTMN=ECUT(1);  "THE  GLOBAL  ECUT  (kinetic+rest  mass)" 
IOUT=22; 
IOLDTM=0; 

EK0=5.00;  "MAXIMUM  ENERGY  ELECTRON  IN  THE  SIMULATION" 
ESTEPE=0.05; 

DO  J=1,$MXMED  [ESTEPR(J)=ESTEPE;] 
$PRESTA-INPUTS; 

$PRESTA-INPUT-SUMMARY;  "  Output  Presta  info  to  output  file 


"  Openning  the  output  file  for  the  results  " 

PRINT  *,  'Specific  absorbed  fraction  calculation  for  femur  head  sample.'; 
IF  ( IQIN  .EQ.  0  )  [ 

PRINT  *,  'Calculation  is  performed  for  photons.'; 

] 

ELSE[ 

PRINT  *,  'Calculation  is  performed  for  electrons.'; 
] 

PRINT  *,  'For  each  energy:  nb  runs: ',  $NB_RUN; 
PRINT  *, '     nb  particle  per  run:  $NB_PART; 

"  for  all  the  kinetic  energies  that  are  in  the  input  file  " 

OPEN  (  UNIT=FileEnergies,  FILE='../energies.input',  STATUS='old' ); 

NoMoreEnergy  =  .FALSE.; 
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LOOP  ["  until  no  more  energies  in  the  file  " 
"  reading  a  new  energy  with  test  if  EOF  " 
READ  (  FileEnergies,  *,  END  =  :EndEnergy: )  KineticEnergy; 
GO  TO  :NextEnergy:; 
:EndEnergy:  NoMoreEnergy  =  .TRUE.; 
:NextEnergy:  CONTINUE; 
IF  ( .NOT.  NoMoreEnergy  )  [ 
PRINT  *, ' '; 

PRINT  *,  'New  energy: ',  REAL(KineticEnergy); 


"  STEP  4  INITIALIZATION-FOR-HOWFAR 


"  enter  the  voxel  dimensions  " 

"  ?VoxelDim  is  the  dimension  of  the  voxels  " 

"  ?_DIM  is  the  centimeters  in  the  ?  direction  " 

"  ?_VOXEL  is  the  number  of  voxels  in  the  ?  direction  " 

XVoxelDim  =  $X_DIM  /  $X_VOXEL; 
YVoxelDim  =  $Y_DIM  /  SY  VOXEL; 
ZVoxelDim  =  $Z_DIM  /  $Z_VOXEL; 

II  II 

"  STEP  5  INITIALIZATION-FOR-AUSGAB  " 


"  STEP  6  DETERMINATION-OF-INICIDENT-PARTICLE-PARAMETERS  " 


"  Define  initial  variables  " 

IF  ( IQIN  .EQ.  0  )  [ 
EIN=KineticEnergy;  "  with  initial  kinetic  energy" 
] 

ELSE  [ 

EIN=KineticEnergy  +  PRM; "  with  initial  kinetic  energy" 
] 

WTIN=I  .0;        "  weight  =  1  since  no  variance  reduction  used" 

"  Initialization  of  the  absorbed  fraction  " 

MeanAFMarrow  =  0.0; 
StdDevAFMarrow  =  0.0; 
MeanAFMarrow2  =  0.0; 
StdDevAFMarrow2  =  0.0; 
MeanAFBone  =  0.0; 
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StdDevAFBone  =  0.0; 
MeanAFFat  =  0.0; 
StdDevAFFat  =  0.0; 
MeanAFFat2  =  0.0; 
StdDevAFFat2  =  0.0; 
MeanAFEndo  =  0.0; 
StdDevAFEndo  =  0.0; 
MeanAFLost  =  0.0; 
StdDevAFLost  =  0.0; 
MeanAFCort  =  0.0; 
StdDevAFCort  =  0.0; 
TotalAF  =  0.0; 
MeanAFOutside  0.0; 
StdDevAFOutside  =  0.0; 

DO NumRun=l,$NB_RUN  [ 
PRINT  *, '  Run  no:',  NumRun;" 
"  Initialization  of  the  cumulated  energy  " 

CumulEnergyMarrow  =  0.0; 
CumulEnergyBone  =  0.0; 
CumulEnergyFat  =  0.0; 
CumulEnergyEndo  =  0.0; 
CumulEnergyOutside  =  0.0; 
CumulEnergyCort  =  0.0; 
CumulEnergyMarrow2  =  0.0; 
CumulEnergyFat2  =  0.0; 

DO  NumParticle=l,  $NB_PART  [  "loop  on  the  number  of  particle" 
IF  (  MOD(NumParticle,100)  .EQ.  0  )  [ 
PRINT  *,  •    Particle: ',  NumParticle;" 

] 

CALL  SourceMarrow(XIN,YIN,ZIN,UIN,VIN,WIN,IRIN); 

"  M 

"STEP?  SHOWER-CALL" 

II   M 

"  call  of  the  SHOWER  subroutine  to  transport  one  particle  " 

CALL  SHOWER(IQIN,EIN,XIN,YIN,ZIN,UIN,VIN,WIN,IRIN,WTIN); 

]  "  end  loop  on  the  number  of  particles  " 

"  to  calculate  the  absorbed  fraction  " 

AFMarrow  =  CumulEnergyMarrow  /  ($NB_PART  *  KineticEnergy); 
AFBone  =  CumulEnergyBone  /  ($NB_PART  *  KineticEnergy); 
AFFat  =  CumulEnergyFat  /  ($NB_PART  *  KineticEnergy); 
AFFat2  =  CumulEnergyFat2  /  ($NB_PART  *  KineticEnergy); 
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AFEndo  =  CumulEnergyEndo  /  ($NB_PART  *  KineticEnergy); 
AFLost  =  CumulEnergyLost  /  (SNB  PART  *  KineticEnergy); 
AFCort  =  CumulEnergyCort  /  (SNB  PART  *  KineticEnergy); 
AFOutside  =  CumulEnergyOutside  /  (SNB  PART  *  KineticEnergy); 
AFMarrow2  =  CumuIEnergyMarrow2  /  (SNB  PART  *  KineticEnergy); 

TotalAF  =  AFMarrow+AFBone+AFFat+AFCort+AFEndo+AFOutside+ AFLost; 


PRINT  *;  DATA  FOR  THIS  RUN:';" 

PRINT  *;  AF  for  Bone:     ',  AFBone;" 

PRINT  *,' AF  for  Marrow:    ',  AFMarrow;" 

PRINT  *;  AF  for  Fat:      ',  AFFat;" 

PRINT  *;  AF  for  Endosteum: ',  AFEndo;" 

PRINT  *;  AF  lost:        ',  AFLost;" 

PRINT  *;  AF  for  Cortical:  ',  AFCort;" 

PRINT  *;  AF  for  Outside:  ',  AFOutside;" 

PRINT  *;  Total  AF:  TotalAF;" 

PRINT  *;  AF  for  Marrow  -  Endo  ',  AFMarrow2;" 


"  to  cumulate  for  the  statistical  data  " 


MeanAFMarrow  =  MeanAFMarrow  +  AFMarrow; 
MeanAFBone  =  MeanAFBone  +  AFBone; 
MeanAFFat  =  MeanAFFat  +  AFFat; 
MeanAFFat2  =  MeanAFFat2  +  AFFat2; 
MeanAFEndo  =  MeanAFEndo  +  AFEndo; 
MeanAFOutside  =  MeanAFOutside  +  AFOutside; 
MeanAFCort  =  MeanAFCort  +  AFCort; 
MeanAFLost  =  MeanAFLost  +  AFLost; 
MeanAFMarrow2  =  MeanAFMarrow2  +  AFMarrow2; 

StdDev  AFMarrow  =  StdDev  AFMarrow  +  AFMarrow*  AFMarrow; 
StdDevAFMarrow2  =  StdDevAFMarrow2  +  AFMarrow2*AFMarrow2; 
StdDevAFBone  =  StdDevAFBone  +  AFBone*AFBone; 
StdDev  AFFat  =  StdDevAFFat  +  AFFat*  AFFat; 
StdDevAFFat2  =  StdDevAFFat2  +  AFFat2*AFFat2; 
StdDevAFEndo  =  StdDev  AFEndo  +  AFEndo*  AFEndo; 
StdDevAFOutside  =  StdDevAFOutside  +  AFOutside*AFOutside; 
StdDev  AFCort  =  StdDevAFCort  +  AFCort*AFCort; 
StdDev  AFLost  =  StdDevAFLost  +  AFLost*AFLost; 
] 

"  to  calculate  the  statistical  data  " 
MeanAFBone  =  MeanAFBone  /  SNB  RUN; 

StdDevAFBone  =  StdDevAFBone  -  $NB_RlJN*MeanAFBone*MeanAFBone; 
StdDevAFBone  =  StdDevAFBone  /  (SNB  RUN  -  1); 
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StdDevAFBone  =  DSQRT(StdDevAFBone); 

MeanAFMarrow  =  MeanAFMarrow  /  $NB_RUN; 

StdDevAFMarrow  =  StdDevAFMarrow  - 
$NB_RUN  *  MeanAFMarrow*  MeanAFMarrow; 

StdDevAFMarrow  =  StdDevAFMarrow  /  ($NB_RUN  -  1); 

StdDevAFMarrow  =  DSQRT(StdDevAFMarrow); 

MeanAFMarrow2  =  MeanAFMarrow2  /  $NB_RUN; 

StdDevAFMarrow2  =  StdDevAFMarrow2- 
$NB_RUN  *  MeanAFMarrow2  *  MeanAFMarrow2 ; 

StdDevAFMarrow2  =  StdDevAFMarrow2  /  ($NB_RUN  -  1); 

StdDevAFMarrow2  =  DSQRT(StdDevAFMarrow2); 

MeanAFFat  =  MeanAFFat  /  $NB_RUN; 

StdDevAFFat  =  StdDevAFFat  -  $NB_RlJN*MeanAFFat*MeanAFFat; 
StdDevAFFat  =  StdDevAFFat  /  ($NB_RUN  -  1); 
StdDevAFFat  -  DSQRT(StdDevAFFat); 
MeanAFFat2  =  MeanAFFat2  /  $NB_RUN; 

StdDevAFFat2  =  StdDevAFFat2  -  $NB_RUN*MeanAFFat2*MeanAFFat2; 
StdDevAFFat2  =  StdDevAFFat2  /  ($NB_RUN  -  1); 
StdDevAFFat2  =  DSQRT(StdDevAFFat2); 
MeanAFEndo  =  MeanAFEndo  /  SNB  RUN; 

StdDevAFEndo  =  StdDevAFEndo  -  $NB_RUN*MeanAFEndo*MeanAFEndo; 
StdDevAFEndo  =  StdDevAFEndo  /  ($NB_RUN  -  1); 
StdDevAFEndo  =  DSQRT(StdDevAFEndo); 
MeanAFCort  =  MeanAFCort  /  $NB_RUN; 

StdDevAFCort  =  StdDevAFCort  -  SNB  RUN* MeanAFCort* MeanAFCort; 
StdDevAFCort  =  StdDevAFCort  /  (SNB  RUN  -  1); 
StdDevAFCort  =  DSQRT(StdDevAFCort); 
MeanAFOutside  =  MeanAFOutside  /  SNB  RUN; 
StdDevAFOutside  =  StdDevAFOutside  - 

$NB_RUN*MeanAFOutside*MeanAFOutside; 
StdDevAFOutside  =  StdDevAFOutside  /  (SNB  RUN  -  1); 
StdDevAFOutside  =  DSQRT(StdDevAFOutside); 
MeanAFLost  =  MeanAFLost  /  SNB  RUN; 

StdDevAFLost  =  StdDevAFLost  -  SNB_RUN*MeanAFLost*MeanAFLost; 
StdDevAFLost  =  StdDevAFLost  /  (SNB  RUN  -  1); 
StdDevAFLost  =  DSQRT(StdDevAFLost); 

"  to  print  the  final  result " 

PRINT  *,  Total  for  energy  ';" 

PRINT  *, 'AF  for  Bone        REAL(MeanAFBone),'  +/- 

REAL(StdDevAFBone); 
PRINT  *,'AF  for  Fat       ',  REAL(MeanAFFat2),'  +/- 

REAL(StdDevAFFat2); 
PRINT  *,  'AF  for  Endosteum  ',  REAL(MeanAFEndo),'  +/- 

REAL(StdDevAFEndo); 
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PRINT  *,  'AF  for  Cortical    REAL(MeanAFCort),'    +/-  '," 

REAL(StdDevAFCort);" 
PRINT  *, 'AF  for  OUTSIDE      REAL(MeanAFOutside),'  +/-'," 

REAL(StdDevAFOutside);" 
PRINT  *, 'AF  Lost         ',  REAL(MeanAFLost), '    +/-  '," 

REAL(StdDevAFLost);" 
PRINT  *,'AF  for  Marrow      REAL(MeanAFMarrow2),'    +/-  ', 
REAL(StdDevAFMarrow2); 

] 

] 

UNTIL  ( NoMoreEnergy ); 

CLOSE  (  FileEnergies ); 
END; 
%E 

AUSGAB 

"  The  AUSGAB  subroutine  cumulate  the  energy  deposited  within  the  sphere.  " 
"  The  energy  is  stored  in  the  'CumulEnergy'  variable.  " 

M  II 

"  Input: 

"  .  lARG  :  A  flag  (see  EGS4  documentation)  which  is  set  to  3  if  the  " 

"  particle  is  discarded  by  the  HOWFAR  subroutine,  that  means  that " 

"  the  particle  is  out  off  the  sphere.  " 

ti  fi 

SUBROUTINE  AUSGAB(IARG); 

COMIN/STACK,EPCONT,ENERG  1  /; 
INTEGER  IReg; 

DOUBLE  PRECISION  XI,  YI,  Zl; 

"PRINT  *,'Start  of  AUSGAB';" 
IReg  =  IR(NP); 

XI  =  X(NP);  Yl  =  Y(NP);  Zl  =  Z(NP); 
IF  (lARG  .EQ.  3  )  [ 

CumulEnergyLost  =  CumulEnergyLost  +  EDEP; 

] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_BONE)  [ 
CumulEnergyBone  =  CumulEnergyBone  +  EDEP; 
] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_MARROW)  [ 
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CumulEnergyMarrow  =  CumulEnergyMarrow  +  EDEP; 
CumulEnergyMarrow2  =  CumulEnergyMarrow2  +  EDEP; 
"  need  to  check  to  see  if  in  endosteum" 
CALL  ENDOSTEUM; 

] 

ELSE  [ 
IF  (IReg  .EQ.  $REG_FAT)  [ 
CumulEnergyFat  =  CumulEnergyFat  +  EDEP; 
CumulEnergyFat2  =  CuniulEnergyFat2  +  EDEP; 
CALL  ENDOSTEUM; 

] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_OUTSIDE)  [ 
CumulEnergyOutside  =  CumulEnergyOutside  +  EDEP; 
] 

ELSE  [ 

IF  (IReg  .EQ.  $REG_CORT)  [ 
CumulEnergyCort  =  CumulEnergyCort  +  EDEP; 
] 

ELSE  [ 

PRINT  *,  'Error  in  AUSGAB:  invalid  region  number'; 
] 

] 

] 

] 

] 

] 

"PRINT  *,'End  of  AUSGAB';" 

END; 

%E 

HOWFAR 


SUBROUTINE  HOWFAR; 
COMIN/STACK.EPCONT,GEOM/; 

"      COMMON  STACK  CONTAINS  X,Y,Z,U,V,W,IR  AND  NP(STACK  POINTER)" 
COMMON  EPCONT  CONTAINS  IRNEW,  USTEP  AND  IDISC" 

DOUBLE  PRECISION  XI,  Yl,  ZI; "  to  store  the  old  position  of  the  particle  " 
DOUBLE  PRECISION  UNP,  VNP,  WNP;  "  to  store  the  direction  of  the  particle  " 
INTEGER  Medium,  MediumNumber; 
INTEGER  IReg.  IDINT;        "  to  store  the  region  number" 
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DOUBLE  PRECISION  DSQRT,  XNext,  YNext,  ZNext,  RNext,  Direction; 
DOUBLE  PRECISION  C,  BPrime,  DeltaPrime,  CI,  C2,  DeltaPrimel,  ZMax,  ZMin; 
DOUBLE  PRECISION  DeltaPrime2,  DISTl,  DIST2,  XMax,  XMin,  YMax,  YMin; 
DOUBLE  PRECISION  Distance,  ShortestDistance,  R; 
INTRINSIC  DSQRT,  IDINT; 

"PRINT  *,'Start  of  HOWFAR';" 
IReg  =  IR(NP); 

XI  =  X(NP);  Yl  =  Y(NP);  Zl  =  Z(NP); 

UNP  =  U(NP);  VNP  =  V(NP);  WNP  =  W(NP); 

R  =  DSQRT(X1*X1  +  Y1*Y1  +Z1*Z1); 

"  PRINT  *,  'Start  of  Howfar';" 

"  PRINT*, 'XI  Yl  Zl  R',X1,  Y1,Z1,R;" 

"  PRINT  *,'  IREG  at  start  of  howfar  ',  IReg;" 

"  PRINT  *,'  Medium  at  start  of  howfar  ',  Medium;" 

"  need  to  normalize  the  direction  due  to  bad  accuracy" 
Direction=DSQRT(UNP'*UNP+VNP*VNP+WNP*WNP); 
UNP  =  UNP  /  Direction; 
VNP  =  VNP  /  Direction; 
WNP  =  WNP  /  Direction; 
"  to  change  the  value  also  in  EGS4  " 
U(NP)  =  UNP;  V(NP)  -  VNP;  W(NP)  =  WNP; 
"PRINT  *,  'USTEP  before  howfar  =  ',  USTEP;  " 

Medium  =  MediumNumber(Xl,Yl,Zl); 
"  To  check  the  data  returned  by  EGS4  " 

IF  ( IReg  .NE.  Medium  )  [ 
PRINT  *,  'Error  in  HOWFAR:  region: ',  IReg, '  does  not  agree'; 
IDISC-  1; 

PRINT  *,  'IReg  =  ',  IReg, '  Medium  =  ',  Medium; 
PRINT  *,'X,  Y,Z',X1,  Y1,Z1; 
] 

ELSE  [ 
"  Step  1) " 

"  To  calculate  the  distance  to  the  boundary  of  the  region" 

IF  (IReg  .EQ.  SREG  OUTSIDE)  [ 
"PRINT  *,'in  outside  region';" 

"to  measure  distance  back  into  cortical  shell" 
C  =  X1*X1  +  Y1*Y1  +ZI*Z1  - 

($FEMUR_OUTER_RADIUS*$FEMUR_OUTER_RADIUS); 
BPrime  =  UNP*X1+VNP*Y1+WNP*Z1; 
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DeltaPrime  =  BPrime*BPrime  -  C; 
IF  (DeltaPrime  .LE.  0)  [ 

ShortestDistance  =  1000000; 

] 

ELSE  [ 

ShortestDistance  =  -BPrime  -  DSQRT(DeltaPrime); 
IF  (ShortestDistance  .LT.  0)  [ 

ShortestDistance  =  1000000; 

] 

] 

] 

ELSE  [ 

IF  ( IReg  .EQ.  $REG_CORT )  [ 
"PRINT  *,  'in  cortical  region';" 

"  to  measure  the  distance  out  of  cortical  shell" 
BPrime  =  UNP*X1+VNP*Y1+WNP*Z1; 
CI  =X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMUR_INNER_RADIUS*$FEMUR_INNER_RADIUS); 
C2  =  X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMUR_OUTER_RADIUS*$FEMUR_OUTER_RADIUS); 
DeltaPrimel  =  BPrime*BPrime  -  CI; 
DeltaPrime2  =  BPrime*BPrime  -  C2; 
DIST2  =  -BPrime  +  DSQRT(DeltaPrime2); 
IF  (DeltaPrimel  .LT.  0)  [ 

ShortestDistance  =  DIST2; 

] 

ELSE  [ 

DISTl  =  -BPrime  -  DSQRT(DeltaPrimel); 
IF  (DISTl  .LE.  0  )  [ 

ShortestDistance  =  DIST2; 

] 

ELSE  [ 
IF  (DISTl  .GE.  DIST2  )  [ 
"  going  out  of  the  shell" 
ShortestDistance  =  DIST2; 
] 

ELSE  [ 

"  going  back  into  the  trabecular  region" 

ShortestDistance=  DISTl; 

] 

] 

] 

] 

ELSE  [ 

IF  ((IReg  .EQ.  $REG_BONE)  .OR.  (IReg  .EQ.  $REG_FAT) 
.OR.  (IReg  .EQ.  $REG_MARROW))  [ 
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"PRINT  *,'in  marrow  or  bone  region';" 

"  need  to  calculate  the  distance  to  the  shell  and" 
"  the  distance  to  the  next  voxel.  Need  to  " 
"  calculate  the  two  and  pick  the  smallest.  " 

IF  (XI  .LT.  0.0  )[ 
XMin  =  (IDINT(Xl/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  =  (IDINT(X1 /XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF  (Yl  .LT.  0.0  )  [ 
YMin  =  (IDINT(Yl/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y1 /YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Zl  .LT.  0.0  )  [ 
ZMin  =  (IDINT(Zl/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE  [ 

ZMin  =  (IDINT(Z  I /ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

ShortestDistance  =  XVoxelDim; 
"PRINT  *;  XMin  XMax  ',  XMin,  Xmax;" 
"PRINT  *;  YMin  YMax    YMin,  YMax;" 
"PRINT  *,'  ZMin  ZMax  ',  ZMin,  ZMax;" 
"PRINT  *,'  ShortestDistance  =  ',  ShortestDistance;" 
"PRINT  *,'  XI,  Yl,  Zl  ',  XI,  Yl,  Zl;" 
"PRINT     UNP,  VNP,  WNP  ',  UNP,  VNP,  WNP;" 

"  To  test  along  the  X  axis  " 

IF  (UNP  .GT.  1.0D-20)[ 
Distance  =  (XMax  -  XI)  /  UNP; 
] 

ELSE  [ 
IF  (UNP  .LT. -l.OD-20)  [ 
Distance  =  (XMin  -  XI)  /  UNP; 
] 

ELSE  [ 
Distance  =  XVoxelDim; 
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] 

] 

IF  (  Distance  .LT.  ShortestDistance  )  [ 
ShortestDistance  =  Distance; 
] 

"  To  test  along  the  Y  axis  " 
IF(  VNP  .GT.  l.OD-20)  [ 

Distance  =  (YMax  -  Yl)  /  VNP; 

] 

ELSE  [ 
IF  (VNP  .LT.  -LOD-20)  [ 
Distance  =  (YMin  -  YI)  /  VNP; 
] 

ELSE  [ 
Distance  =  YVoxelDim; 
] 

] 

IF  (  Distance  .LT.  ShortestDistance  )  [ 
ShortestDistance  =  Distance; 
] 

"  To  test  along  the  Z  axis  " 
IF(WNP  .GT.  l.OD-20 )[ 

Distance  =  (ZMax  -  Zl)  /  WNP; 

] 

ELSE  [ 
IF  (WNP  .LT. -l.OD-20)  [ 
Distance  =  (ZMin  -  Zl)  /  WNP; 
] 

ELSE  [ 
Distance  =  ZVoxelDim; 
] 

] 

IF  (  Distance  .LT.  ShortestDistance  )  [ 
ShortestDistance  =  Distance; 
] 

"  to  measure  the  distance  to  get  out  of  femur" 
BPRIME  =  UNP*X1+VNP*Y1+WNP*Z1; 
C  =  X1*X1  +  Y1*Y1  +Z1*Z1  - 

($FEMUR_INNER_RADIUS  *  $FEMUR_INNER_RADIUS); 
DeltaPrime  =  BPrime*BPrime  -  C; 
Distance  =  -BPrime  +  DSQRT(DeltaPrime); 
IF  (  Distance  .LT.  ShortestDistance)  [ 

ShortestDistance  =  Distance; 

] 

] 

] 
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] 

ShortestDistance  =  ShortestDi  stance  +  $BOUNDARY_WIDTH; 
IF  (USTEP  .GT.  ShortestDistance)  [ 

USTEP  =  ShortestDistance; 

] 

"  Step  2) " 

"  To  calculate  the  new  position  " 
XNext  =  XI  +  USTEP*UNP; 
YNext  =  Yl  +  USTEP*  VNP; 
ZNext  =  Zl  +  USTEP*  WNP; 

"  Step  3) " 

"  To  calculate  the  new  region  " 

RNext  =  DSQRT(XNext*XNext+YNext*YNext+ZNext*ZNext); 
IF  (RNext  .GT.  $FEMUR_OUTER_RADIUS)  [ 

IRNEW  =  $REG_OUTSIDE; 

] 

ELSE  [ 

IF  (RNext  .GT.  SFEMUR  INNER  RADIUS)  [ 
IRNEW  =  $REG_CORT; 
] 

ELSE  [ 

IRNEW  =  MediumNumber(XNext,YNext,ZNext); 
] 

] 

] 

"PRINT  *,'End  of  HOWFAR';" 

END;"END  OF  SUBROUTINE  HOWFAR" 

%E 

DISTREGION 

"HOWNEAR  SUBROUTINE  FOR  PRESTA  THAT  GIVE  THE  CLOSEST  DISTANCE 
TO  ANY 

"SURROUNDING  BOUNDARIES 

"TPERP  IS  THE  VARIABLE  THAT  EED  TO  BE  CHANGED  (THE  CLOSEST 
DISTANCE...) 

SUBROUTINE  DIST_REGION(TPERP); 
;COMIN/STACK,GEOM/; 
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DOUBLE  PRECISION  X 1 ,  Y 1 ,  Z 1 ;     "the  starting  position  of  the  particle  " 
INTEGER  IReg,  MediumNumber;     "  the  starting  region  of  the  particle" 
DOUBLE  PRECISION  DSQRT,  XMax,  XMin,  YMin,  YMax,  ZMin,  ZMax; 
DOUBLE  PRECISION  Distl,  Dist2,  Distance,  R; 
INTRINSIC  DSQRT; 


"  Initialising  the  coordinates  " 
IReg  =  IR(NP); 

XI  =  X(NP);  Yl  =  Y(NP);  Zl  =  Z(NP); 
R  =  DSQRT(X1*X1  +  YI*Y1  +ZI*Z1); 

"  Convert  position  into  voxel  number  " 

Medium  =  MediumNumber(Xl,Yl,Zl); 

"PRINT  *,'Start  of  Dist  region';" 

IF  (R  .GE.  SFEMURJNNER  RADIUS)  [ 
IF  (R  .LT.  SFEMUR  OUTER  RADIUS)  [ 
Distl  =  DSQRT(X1*X1+Y1*Y1+Z1*Z1)-$FEMUR_INNER_RADIUS; 
Dist2  =  -DSQRT(X1*X1+Y1*Y1+Z1*Z1)  +  $FEMUR_OUTER_RADIUS; 
IF  (Distl  .LE.  Dist2)  [ 
TPERP  =  Distl; 
] 

ELSE  [ 
TPERP  =  Dist2; 
] 

] 

ELSE  [ 

TPERP  =  R  -  $FEMUR_OUTER_RADIUS; 
] 

] 

ELSE  [ 
IF  (XI  .LT.  0.0)  [ 
XMin  =  (IDINT(Xl/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  =  (IDINT(X1 /XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF(Y1  .LT.  0.0 )[ 
YMin  =  (IDINT(Yl/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 
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ELSE[ 

YMin  =  (IDrNT(Yl/YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Zl  XT.  0.0  )  [ 
ZMin  =  (IDINT(Zl/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 

] 

ELSE  [ 

ZMin  =  (IDINT(Z1 /ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

TPERP  =  $FEMUR_OUTER_RADIUS; 

Distance  =  XI  -  XMin; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  XMax  -  XI ; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  Yl  -  YMin; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  YMax  -  Yl ; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  Zl  -  ZMin; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  ZMax  -  Zl ; 

IF  (  Distance  .LT.  TPERP  )  [ 

TPERP  =  Distance; 

] 

Distance  =  $FEMUR  JNNER_RADIUS  -  R; 
IF  (  Distance  .LT.  TPERP)  [ 

TPERP  =  Distance; 

] 

] 

"PRINT  *,'end  of  dist  region';" 

RETURN; 

END; 
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%E 

"  SourceMarrow  " 

"  This  subroutine  randomly  picks  a  source  point  in  a  marrow  voxel.  " 

"  The  direction  is  equiprobable,  that  means  that:  " 
"  -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval, 

"  -  Theta  is  not  equiprobable  within  [0,  Pi],  but  cos(Theta)  is  " 

"  equiprobable  within  the  [-1,  1]  interval. 

"  hence,  the  Phi  and  Theta  values  are  (Rnl  and  Rn2  are  two  random  " 

numbers:    Phi  =  2*Pi*Rnl 

Theta  =  arcos(l -2*Pi) 

M ************************************************* 

SUBROUTINE  SourceMarrow(XSrc,YSrc,ZSrc,USrc,VSrc,WSrc,RegSrc); 
REAL  XSrc;  REAL  YSrc;  REAL  ZSrc; 
REAL  USrc;  REAL  VSrc;  REAL  WSrc; 
INTEGER  RegSrc; 

COMIN/RANDOM,GEOM/; 

DOUBLE  PRECISION  Rl,  R2,  R3,  R7,  R8,  XMin,  XMax,  YMin,  YMax,  ZMin, 
ZMax; 

DOUBLE  PRECISION  X,  Y,  Z,  R,  PI,  P2,  P3,  P4,  P5,  P6  PDIST; 
REAL  U,  V,  W; 
REAL  Theta,  Phi; 

LOGICAL  InsideMarrow,  InsideSphere; 

INTEGER  Medium,  A,  B,  C,  EDGEIPOS,  EDGEINEG,  EDGEJPOS; 
INTEGER  EDGEJNEG  ,EDGEKPOS  ,EDGEKNEG,  RegionNumber, 
MediumNumber; 

"  function  invoked  " 
REAL  ACOS,  COS,  SIN; 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  ACOS,  COS,  SIN,  DSQRT; 

"PRINT  *,'start  of  marrow  region';" 

InsideMarrow  =  .FALSE.; 

LOOP  ["  until  we  have  found  a  point  inside  the  image  " 
InsideSphere  =  .FALSE.; 
LOOP  [  "trying  to  find  a  position  in  the  sphere  " 

SRANDOMSETRl; 

SRANDOMSET  R2; 

SRANDOMSET  R3; 
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X  =  (Rl  -0.5)*2*$FEMUR_INNER_RADIUS; 
Y  -  (R2  -0.5)*2*$FEMUR_INNER_RADIUS; 
Z  =  (R3  -0.5)*2*$FEMUR_INNER_RADIUS; 
R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 
IF  (R  .LT.  $FEMUR_INNER_RADIUS)  [" 
InsideSphere  =  .TRUE.; 
]" 

] 

UNTIL  (InsideSphere); 

"  To  check  if  the  point  is  in  marrow  " 
Medium  =  MediumNumber(X,Y,Z); 

IF  (Medium  .EQ.  $REG_MARROW)  [ 
InsideMarrow  =  .TRUE.; 

] 

"CHECK  FOR  BONE  VOXEL  NEIGHBORS" 

"DETERMINE  WHERE  BONE  SURFACES  ARE(IF  THEY  ARE) 

IF  (X  .LT.  0.0)  [ 
A  =  IDINT(X/$X_DIM)-1; 
] 

ELSE  [ 
A  =  IDINT(X/$X_DIM); 
] 

IF  (Y  .LT.  0.0)  [ 
B  =  IDINT(Y/$Y_DIM)-1; 
] 

ELSE  [ 
B  =  IDINT(Y/$Y_DIM); 
] 

IF  (Z  .LT.  0.0)  [ 
C  =  IDINT(Z/$Z_DIM)-1; 
] 

ELSE  [ 
C  =  IDINT(Z/$Z_DIM); 
] 

NumX  =  IDINT((X  -  A  *  $X_DIM)/XVoxelDim)  +  1; 
NumY  =  IDINT((Y  -  B  *  $Y_DIM)/YVoxelDim)  +  1 ; 
NumZ  =  IDINT((Z  -  C  *  $Z_DIM)/ZVoxelDim)  +  1; 

EDGEIPOS  =  RegionNumber(NumX+l,NumY,NumZ); 
EDGEINEG  =  RegionNumber(NumX-l,NumY,NumZ); 
EDGEJPOS  =  RegionNumber(NumX,NumY+l,NumZ); 
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EDGEJNEG  =  RegionNumber(NumX,NumY-l,NumZ); 
EDGEKPOS  =  RegionNumber(NumX,NumY,NumZ+l); 
EDGEKNEG  =  RegionNumber(NumX,NumY,NumZ-l); 

IF  (X  .LT.  0.0  )  [ 
XMin  =  (IDINT(X/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 

] 

ELSE  [ 

XMin  =  (IDINT(X/XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF  (Y  .LT.  0.0  )  [ 
YMin  =  (IDINT(Y/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y/YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Z  .LT.  0.0  )  [ 
ZMin  =  (IDINT(Z/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE[ 

ZMin  =  (IDINT(Z/ZVoxelDim))  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 

] 

Pl=1.0; 
P2=1.0; 
P3=1.0; 
P4=1.0; 
P5=1.0; 
P6=1.0; 

IF  (EDGEIPOS  .EQ.  $REG_BONE)  [ 
Pl=XMax-X; 
] 

IF  (EDGEINEG  .EQ.  $REG_BONE)  [ 
P2=  X  -  XMin; 
] 

IF  (EDGEJPOS  .EQ.  $REG_BONE)  [ 
P3=  YMax  -  Y; 
] 

IF  (EDGEJNEG  .EQ.  $REG_BONE)  [ 
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P4=  Y  -  YMin; 
] 

IF  (EDGEKPOS  .EQ.  $REG_BONE)  [ 
P5=  ZMax  -  Z; 

] 

IF  (EDGEKNEG  .EQ.  SREG  BONE)  [ 
P6  -  Z  -  ZMin; 
] 

PDIST=10.0; 

IF  (PI  .LE.  PDIST)  [ 
PDIST  =  P1; 
] 

IF  (P2  .LE.  PDIST)  [ 
PDIST  =  P2; 
] 

IF  (P3  .LE.  PDIST)  [ 
PDIST  =  P3; 
] 

IF  (P4  .LE.  PDIST)  [ 
PDIST  =  P4; 
] 

IF  (P5  .LE.  PDIST)  [ 
PDIST  =  P5; 
] 

IF  (P6  .LE.  PDIST)  [ 
PDIST  =  P6; 
] 

IF  (PDIST  .LT.  0.0)  [ 
PRINT  *, '  ERROR  IN  PDIST'; 
PRINT  *, '  PDIST  PDIST; 
] 

IF  (PDIST  .LT.  0.001)  [ 
"IN  THEENDOSTEUM!!" 
InsideMarrow  =  .FALSE.; 

] 

"PRINT  *, 'Medium  is  ',  Medium;" 
] 

UNTIL  (InsideMarrow); 


"  To  return  the  position  " 
XSrc  =  X; 
YSrc  =  Y; 
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ZSrc  =  Z; 

"  To  choose  a  random  direction.  In  the  spherical  coordinate  system:  " 
"      -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval  " 
"      -  cos(Theta)  is  equiprobable  within  the  [-1,  +1]  interval  " 

SRANDOMSET  R7; 
SRANDOMSET  R8; 
Theta  =  AC0S(1  -  2.0*R7); 
Phi  =  2.0  *  $PI  *  R8; 
U  =  SIN(Theta)  *  COS(Phi); 
V  =  SIN(Theta)  *  SIN(Phi); 
W  =  COS(Theta); 

"  To  return  the  direction  " 
USrc  =  U; 
VSrc  =  V; 
WSrc  =  W; 

"  to  return  the  region  number  " 
RegSrc  =  SREGMARROW; 

"PRINT  *,'  Medium  ',  Medium;" 
"PRINT  *,'End  of  Marrow  Source';" 

END;  "END  OF  SUBROUTINE  SourceMarrow" 
%E 

11********************+********************************^ 
"  SourceBone  " 

"  M 

"  The  SourceBone  subroutine  returns  a  random  position  and  a  random  " 
"  direction  for  a  new  particle  inside  a  bone  voxel.  " 
"  The  direction  is  equiprobable,  this  means  that:  " 
"  -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval,  " 

"  -  Theta  is  not  equiprobable  within  [0,  Pi],  but  cos(Theta)  is  " 

"  equiprobable  within  the  [-1,  1]  interval.  " 

"  hence,  the  Phi  and  Theta  values  are  (Rnl  and  Rn2  are  two  random  " 

numbers:    Phi  =  2*Pi*Rnl  " 
Theta  =  arcos(l -2*Pi) 

SUBROUTINE  SourceBone(XSrc,YSrc,ZSrc,USrc,VSrc,WSrc,RegSrc); 
REAL  XSrc;  REAL  YSrc;  REAL  ZSrc; 
REAL  USrc;  REAL  VSrc;  REAL  WSrc; 
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INTEGER  RegSrc; 

COMIN/RANDOM,GEOM/; 
DOUBLE  PRECISION  Rl,  R2,  R3,  R7,  R8; 
DOUBLE  PRECISION  X,  Y,  Z,  R; 
REAL  U,  V,  W; 
REAL  Theta,  Phi; 

LOGICAL  InsideBone,  InsideSphere; 
INTEGER  Medium,  MediumNumber; 

"  function  invoked  " 
REAL  ACOS,  COS,  SIN; 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  ACOS,  COS,  SIN,  DSQRT; 

"PRINT  *,'start  of  marrow  region';" 

InsideBone  =  .FALSE.; 

LOOP  ["  until  we  have  found  a  point  inside  the  imag 
InsideSphere  =  .FALSE.; 
LOOP  [  "trying  to  find  a  position  in  the  sphere  " 
SRANDOMSETRl; 
SRANDOMSET  R2; 
SRANDOMSET  R3; 

X  =  (Rl  -0.5)*2*$FEMUR_INNER_RADIUS; 
Y  =  (R2  -0.5)*2*$FEMUR_INNER_RADIUS; 
Z  =  (R3  -0.5)*2*$FEMUR_INNER_RADIUS; 
R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 
IF  (R  .LT.  SFEMUR  INNER  RADIUS)  [ 
InsideSphere  =  .TRUE.; 

] 

] 

UNTIL  (InsideSphere); 

"  To  check  if  the  point  is  in  bone  " 
Medium  =  MediumNumber(X,Y,Z); 
IF  (Medium  .EQ.  $REG_BONE)  [ 

InsideBone  =  .TRUE.; 

] 

"PRINT  *,'Medium  is  ',  Medium;" 
] 

UNTIL  (InsideBone); 

"  To  return  the  position  " 
XSrc  =  X; 
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YSrc  =  Y; 
ZSrc  =  Z; 

"  To  choose  a  random  direction.  In  the  spherical  coordinate  system:  " 
"      -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval  " 
"      -  cos(Theta)  is  equiprobable  within  the  [-1,  +1]  interval  " 

SRANDOMSET  R7; 

SRANDOMSET  R8; 

Theta  =  AC0S(1  -2.0*R7); 

Phi  =  2.0  *  $PI  *  R8; 

U  -  SIN(Theta)  *  COS(Phi); 

V  =  SIN(Theta)  *  SIN(Phi); 

W  =  COS(Theta); 

"  To  return  the  direction  " 

USrc  =  U; 

VSrc  =  V; 

WSrc  =  W; 

"  to  return  the  region  number  " 
RegSrc  =  $REG_BONE; 

"PRINT  *;  Medium  ',  Medium;" 
"PRINT  *,'End  of  Bone  Source';" 

END;  "END  OF  SUBROUTINE  Sourbone" 
%E 

II*************************************************** 
SourceEndo 

ll*****************************,|,^:(.^:|,:|,^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 

"  This  subroutine  randomly  picks  a  source  point  in  a  marrow  voxel.  " 

"  The  direction  is  equiprobable,  that  means  that:  " 

"  -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval,  " 

"  -  Theta  is  not  equiprobable  within  [0,  Pi],  but  cos(Theta)  is  " 

"  equiprobable  within  the  [-1,  1]  interval.  " 

"  hence,  the  Phi  and  Theta  values  are  (Rnl  and  Rn2  are  two  random  " 

numbers:    Phi  =  2*Pi*Rnl 

Theta  =  arcos(l -2*Pi) 
"  II 

ii******************H<********************************H<***************^,^,^ 

SUBROUTINE  SourceEndo(XSrc,YSrc,ZSrc,USrc,VSrc,WSrc,RegSrc); 
REAL  XSrc;  REAL  YSrc;  REAL  ZSrc; 
REAL  USrc;  REAL  VSrc;  REAL  WSrc; 
INTEGER  RegSrc; 
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COMIN/RANDOM,GEOM/; 

DOUBLE  PRECISION  Rl,  R2,  R3,  R7,  R8,  XMin,  XMax,  YMin,  YMax,  ZMin 
ZMax; 

DOUBLE  PRECISION  X,  Y,  Z,  R,  PI,  P2,  P3,  P4,  P5,  P6  PDIST; 
REAL  U,  V,  W; 
REAL  Theta,  Phi; 

LOGICAL  InsideEndo,  InsideSphere; 

INTEGER  Medium,  A,  B,  C,  EDGEIPOS,  EDGEINEG,  EDGEJPOS; 
INTEGER  EDGEJNEG  ,EDGEKPOS  ,EDGEKNEG,  RegionNumber, 
MediumNumber; 

"  function  invoked  " 
REAL  ACOS,  COS,  SIN; 
DOUBLE  PRECISION  DSQRT; 
INTRINSIC  ACOS,  COS,  SIN,  DSQRT; 

"PRINT  *, 'start  of  endo  region';" 

InsideEndo  =  .FALSE.; 

LOOP  ["  until  we  have  found  a  point  inside  the  image  " 
InsideSphere  =  .FALSE.; 
LOOP  [  "trying  to  find  a  position  in  the  sphere  " 

SRANDOMSETRl; 

SRANDOMSET  R2; 

SRANDOMSET  R3; 

X  =  (Rl  -0.5)*2*$FEMURJNNER_RADIUS; 
Y  =  (R2  -0.5)*2*$FEMUR_INNER_RADIUS; 
Z  =  (R3  -0.5)*2*$FEMUR_INNER_RADIUS; 
R  =  DSQRT(X*X  +  Y*  Y  +  Z*Z); 
IF  (R  .LT.  $FEMUR_INNER_RADIUS)  [" 
InsideSphere  =  .TRUE.; 

] 

UNTIL  (InsideSphere); 

"  To  check  if  the  point  is  in  marrow  or  fat" 
Medium  =  MediumNumber(X,Y,Z); 

IF  ( (Medium  .EQ.  $REG_MARROW)  .OR.  (Medium  .EQ.  $REG  FAT))  [ 
InsideEndo  =  .TRUE.; 

"CHECK  FOR  BONE  VOXEL  NEIGHBORS" 

"DETERMINE  WHERE  BONE  SURFACES  ARE(IF  THEY  ARE)" 

IF  (X  .LT.  0.0)  [ 
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A  =  IDrNT(X/$X_DIM)-l; 
] 

ELSE  [ 
A  =  IDINT(X/$X_DIM); 
] 

IF  (Y  .LT.  0.0)  [ 
B  =  IDINT(Y/$Y_DIM)-1; 
] 

ELSE  [ 
B  =  IDINT(Y/$Y_DIM); 
] 

IF  (Z  .LT.  0.0)  [ 
C  =  IDINT(Z/$Z_DIM)-1; 
] 

ELSE  [ 
C  =  IDINT(Z/$Z_DIM); 
] 

NumX  =  IDINT((X  -  A  *  $X_DIM)/XVoxelDim)  +  1; 
NumY  =  IDINT((Y  -  B  *  $Y_DIM)/YVoxelDim)  +  I ; 
NumZ  =  IDINT((Z  -  C  *  $Z_DIM)/ZVoxelDim)  +  1; 

EDGEIPOS  =  RegionNumber(NumX+l,NumY,NumZ); 
EDGEINEG  =  RegionNumber(NumX-l,NumY,NumZ); 
EDGEJPOS  =  RegionNumber(NumX,NumY+l,NumZ); 
EDGEJNEG  =  RegionNumber(NumX,NumY-LNumZ); 
EDGEKPOS  =  RegionNumber(NumX,NumY,NumZ+l); 
EDGEKNEG  =  RegionNumber(NumX,NumY,NumZ-l); 

IF  (X  .LT.  0.0  )  [ 
XMin  =  (IDINT(X/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  =  (IDINT(X/XVoxelDim))  *  XVoxelDim; 

XMax  =  XMin  +  XVoxelDim; 

] 

IF  (Y  .LT.  0.0  )  [ 
YMin  =  (IDINT(Y/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y/YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Z  .LT.  0.0  )  [ 
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ZMin  =  (IDINT(Z/ZVoxelDim)-l)  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

ELSE  [ 

ZMin  =  (IDINT(Z/ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

Pl=1.0; 
P2=1.0; 
P3=1.0; 
P4=1.0; 
P5=1.0; 
P6=1.0; 

IF  (EDGEIPOS  .EQ.  $REG_BONE)  [ 
Pl=XMax-X; 
] 

IF  (EDGEINEG  .EQ.  $REG_BONE)  [ 
P2=  X  -  XMin; 
] 

IF  (EDGEJPOS  .EQ.  $REG_BONE)  [ 
P3=  YMax  -  Y; 

] 

IF  (EDGEJNEG  .EQ.  $REG_BONE)  [ 
P4=  Y  -  YMin; 
] 

IF  (EDGEKPOS  .EQ.  $REG_BONE)  [ 
P5=  ZMax  -  Z; 

] 

IF  (EDGEKNEG  .EQ.  $REG_BONE)  [ 
P6  =  Z  -  ZMin; 

] 

PDIST=10.0; 

IF  (PI  .LE.  PDIST)  [ 
PDIST  =  P1; 
] 

IF  (P2  .LE.  PDIST)  [ 
PDIST  =  P2; 
] 

IF  (P3  .LE.  PDIST)  [ 
PDIST  =  P3; 
] 

IF  (P4  .LE.  PDIST)  [ 
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PDIST  =  P4; 
] 

IF  (P5  .LE.  PDIST)  [ 
PDIST  =  P5; 
] 

IF  (P6  .LE.  PDIST)  [ 
PDIST  =  P6; 
] 

IF  (PDIST  .LT.  0.0)  [ 
PRINT  *, '  ERROR  IN  PDIST'; 
PRINT  *. '  PDIST  PDIST; 
] 

IF  (PDIST  .LT.  0.001)  [ 
"IN  THE  ENDOSTEUM!!" 
InsideEndo  =  .TRUE.; 

] 

ELSE  [ 
InsideEndo  =  .FALSE.; 
] 

] 

"PRINT  *,'Medium  is  ',  Medium;" 
] 

UNTIL  (InsideEndo); 

"  To  return  the  position  " 
XSrc  =  X; 
YSrc  =  Y; 
ZSrc  =  Z; 

"  To  choose  a  random  direction.  In  the  spherical  coordinate  system:  " 
"      -  Phi  is  equiprobable  within  the  [0,  2Pi]  interval  " 
"      -  cos(Theta)  is  equiprobable  within  the  [-1,  +1]  interval  " 

$RANDOMSET  R7; 
SRANDOMSET  R8; 
Theta  =  AC0S(1  -2.0*R7); 
Phi  =  2.0  *  $PI  *  R8; 
U  =  SIN(Theta)  *  COS(Phi); 
V  =  SIN(Theta)  *  SIN(Phi); 
W  =  COS(Theta); 


"  To  return  the  direction  " 
USrc  =  U; 
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VSrc  =  V; 
WSrc  =  W; 

"  to  return  the  region  number  " 
IF  (Medium  .EQ.  $REG_FAT)  [ 

RegSrc  =  SREG  FAT  ] 
ELSE  [ 

RegSrc  =  $REG_MARROW; 
] 

"PRINT  *;  Medium  ',  Medium;" 
"PRINT  *,'End  of  Endo  Source';" 

END;  "END  OF  SUBROUTINE  SourceEndo 
%E 


MediumNumber 

II  II 

"  The  MediumNumber  subroutine  returns  the  medium  that  is  at  the  voxel  X,Y,Z.  " 
II  It 


INTEGER  FUNCTION  MediumNumber(X,Y,Z); 
COMIN/GEOM/; 

INTEGER  NumX,NumY,NumZ,A,B,C,Voxel,IDINT; 

DOUBLE  PRECISION  X,  Y,  Z,  R,  DSQRT; 

INTRINSIC  IDINT,  DSQRT; 


IF  (X  .LT.  0.0)  [ 
A  =  IDINT(X/$X_DIM)-1 ; 
] 

ELSE  [ 
A  =  IDINT(X/$X_DIM); 
] 

IF  (Y  .LT.  0.0)  [ 
B  =  IDINT(Y/$Y_DIM)-1; 
] 

ELSE  [ 
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B  =  IDINT(Y/$Y_DIM); 
] 

IF  (Z  .LT.  0.0)  [ 
C  =  IDINT(Z/$Z_DIM)-1; 
] 

ELSE  [ 
C  =  IDINT(Z/$Z_DIM); 
] 

R  =  DSQRT(X*X  +  Y*Y  +  Z*Z); 

IF  (R  .LT.  $FEMUR_INNER_RADIUS)  [ 
NumX  =  IDINT((X  -  A  *  $X_DIM)/XVoxelDim)  +  1 ; 
NumY  =  IDINT((Y  -  B  *  $Y_DIM)/YVoxelDim)  +  1; 
NumZ  =  IDINT((Z  -  C  *  $Z_DIM)/ZVoxelDim)  +  1; 
Voxel  =  Image(NumX,NumY,NumZ); 

IF  (Voxel  .EQ.  0)  [ 
MediumNumber  -  $REG_BONE; 
] 

ELSE  [ 
IF  (Voxel  .EQ.  255)  [ 
MediumNumber  =  $REG_MARROW; 
] 

ELSE  [ 
IF  (Voxel  .EQ.  122)  [ 
MediumNumber  =  $REG_FAT; 
] 

ELSE  [ 

PRINT  *, 'Error  in  Subroutine  MediumNumber'; 
PRINT  *, 'Voxel ',  Voxel; 

PRINT  *,'NumX  NumY  NumZ  ',  NumX,  NumY,  NumZ; 
] 

] 

] 

] 

ELSE[ 

IF  (R  .GE.  $FEMUR_OUTER_RADIUS)  [ 
MediumNumber  =  $REG_OUTSIDE; 
] 

ELSE  [ 

MediumNumber  =  SREGCORT; 
] 

] 

"PRINT  *,'MediumNumber ',  MediumNumber;" 
"PRINT  *,  'End  of  MediumNumber';" 
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END; "  END  OF  FUNCTION  MediumNumber" 
%E 

11***************************************************** 
SUBROUTINE  ENDOSTEUM; 

II**************l|!*l|t***************************,|(:|C5|,^:)t^^^5|,5),:),^5^^^;|;^5^;|;^^^^^5|( 

;COMIN/STACK,EPCONT,ENERG  1  ,GEOM/; 
INTEGER 

EDGEIPOS,EDGEINEG,EDGEJPOS,EDGEJNEG,EDGEKPOS,EDGEKNEG; 
INTEGER  Medium,  A,  B,  C,  IDINT,  NumX,  NumY,  NumZ,  RegionNumber; 
DOUBLE  PRECISION  PI,  P2,  P3,  P4,  P5,  P6,  XI,  Yl,  Zl,  PDIST; 
DOUBLE  PRECISION  XMax,  XMin,  YMax,  YMin,  ZMax,  ZMin; 
INTRINSIC  IDINT; 

XI  =X(NP); 
YI  =  Y(NP); 
Zl  =  Z(NP); 
IReg  =  IR(NP); 
PI  =  1.0; 
P2=  1.0; 
P3  =  1.0; 
P4=  1.0; 
P5=  1.0; 
P6=  1.0; 

"CHECK  FOR  BONE  VOXEL  NEIGHBORS" 

"DETERMINE  WHERE  BONE  SURFACES  ARE(IF  THEY  ARE)" 

IF  (XI  .LT.  0.0)  [ 
A  =  IDINT(X1/$X_DIM)-1; 
] 

ELSE[ 
A  =  IDINT(X1/$X_DIM); 
] 

IF  (Yl  .LT.  0.0)  [ 
B  =  IDINT(Y1/$Y_DIM)-I; 
] 

ELSE  [ 
B  =  IDINT(Y1/$Y_DIM); 
] 

IF  (Zl  .LT.  0.0)  [ 
C  =  IDINT(Z1/$Z_DIM)-1; 
] 

ELSE  [ 
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C  =  IDINT(Z1/$Z_DIM); 
] 

NumX  =  IDINT((X1  -  A  *  $X_DIM)/XVoxelDim)  +  1; 
NumY  =  IDINT((Y1  -  B  *  $Y_DIM)/YVoxelDim)  +  1; 
NumZ  =  IDINT((Z1  -  C  *  $Z_DIM)/ZVoxelDim)  +  1; 

EDGEIPOS  =  RegionNumber(NumX+l,NumY,NumZ); 
EDGEINEG  =  RegionNumber(NumX-l,NumY,NumZ); 
EDGEJPOS  =  RegionNumber(NumX,NumY+l,NumZ); 
EDGEJNEG  =  RegionNumber(NumX,NumY-l,NumZ); 
EDGEKPOS  =  RegionNumber(NumX,NumY,NumZ+l); 
EDGEKNEG  =  RegionNumber(NumX,NumY,NumZ-l); 


IF  (XI  .LT.  0.0  )[ 
XMin  =  (IDINT(Xl/XVoxelDim)-l)  *  XVoxelDim; 
XMax  =  XMin  +  XVoxelDim; 
] 

ELSE  [ 

XMin  =  (IDINT(X1 /XVoxelDim))  *  XVoxelDim; 

XMax  -  XMin  +  XVoxelDim; 

] 

IF  (Yl  .LT.  0.0  )  [ 
YMin  =  (IDINT(Yl/YVoxelDim)-l)  *  YVoxelDim; 
YMax  =  YMin  +  YVoxelDim; 
] 

ELSE  [ 

YMin  =  (IDINT(Y1 /YVoxelDim))  *  YVoxelDim; 

YMax  =  YMin  +  YVoxelDim; 

] 

IF  (Zl  .LT.  0.0  )  [ 
ZMin  =  (IDINT(Zl/ZVoxelDim)-l)  *  ZVoxelDim; 
ZMax  =  ZMin  +  ZVoxelDim; 
] 

ELSE  [ 

ZMin  =  (IDINT(Z1 /ZVoxelDim))  *  ZVoxelDim; 

ZMax  =  ZMin  +  ZVoxelDim; 

] 

IF(EDGEIPOS  .EQ.  $REG_BONE)  [ 
Pl=XMax-Xl; 
] 

IF(EDGEINEG  .EQ.  $REG_BONE)  [ 
P2=  XI  -  XMin; 

] 
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IF(EDGEJPOS  .EQ.  $REG_BONE)  [ 
P3=  YMax- Yl; 
] 

IF(EDGEJNEG  .EQ.  $REG_BONE)  [ 
P4=  Yl  -  YMin; 

] 

IF(EDGEKPOS  .EQ.  $REG_BONE)  [ 
P5=  ZMax-Zl; 
] 

IF(EDGEKNEG  .EQ.  $REG_BONE)  [ 
P6  =  Zl  -  ZMin; 
] 

PDIST=10.0; 

IF  (PI  .LE.  PDIST)  [ 
PDIST  =  P1; 
] 

IF  (P2  .LE.  PDIST)  [ 
PDIST  =  P2; 
] 

IF  (P3  .LE.  PDIST)  [ 
PDIST  =  P3; 
] 

IF  (P4  .LE.  PDIST)  [ 
PDIST  =  P4; 
] 

IF  (P5  .LE.  PDIST)  [ 
PDIST  =  P5; 
] 

IF  (P6  .LE.  PDIST)  [ 
PDIST  =  P6; 
] 

IF  (PDIST  .LT.  0.0)  [ 
PRINT  *, '  ERROR  IN  PDIST'; 
PRINT  *, '  PDIST  ',  PDIST; 
] 

IF  (PDIST  .LE.  0.001)  [ 
"IN  THE  ENDOSTEUM!!" 

CumulEnergyEndo  =  CumulEnergyEndo  +  EDEP; 
IF  (IReg  .EQ.  $REG_MARROW)  [ 

CumulEnergyMarrow2  =  CumulEnergyMarrow2  -  EDEP; 

] 

ELSE  [ 
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CumulEnergyFat2  =  CumulEnergyFat2  -  EDEP; 
] 

] 

RETURN; 

END; 

%E 

"SUBROUTINE  RegionNumber; 


INTEGER  FUNCTION  RegionNumber(NX,NY,NZ); 

COMIN/GEOM/; 
INTEGER  NX,  NY,  NZ; 
INTEGER  Voxel; 

"PRINT  *, '  Start  of  RegionNumber  ';" 
IF  (NX  .EQ.  (SX  MIN  VOXEL-l))  [ 
NX  =  $X_MAX_VOXEL; 
] 

IF  (NY  .EQ.  ($Y_MIN_V0XEL-1))  [ 
NY  =  $Y_MAX_VOXEL; 
] 

IF  (NZ  .EQ.  ($Z_MIN_V0XEL-1))  [ 
NZ  =  SZMAXVOXEL; 
] 

IF  (NX  .EQ.  ($X_MAX_V0XEL+1))  [ 
NX  =  SXMINVOXEL; 
] 

IF  (NY  .EQ.  ($Y_MAX_V0XEL+1))  [ 
NY  =  $Y_MIN_VOXEL; 
] 

IF  (NZ  .EQ.  ($Z_MAX_V0XEL+1))  [ 
NZ  =  $Z_MIN_VOXEL; 
] 

Voxel  =  Image(NX,NY,NZ); 

IF  (Voxel  .EQ.  0)  [ 
RegionNumber  =  $REG_BONE; 
] 

ELSE  [ 
IF  (Voxel  .EQ.  255)  [ 
RegionNumber  =  $REG_MARROW; 
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] 

ELSE  [ 
IF  (Voxel  .EQ.  122)  [ 
RegionNumber  =  SREGFAT; 
] 

ELSE  [ 

PRINT  *, 'Error  in  Subroutine  RegionNumber'; 
PRINT  *,'Voxel ',  Voxel; 
PRINT  *,'NX  NY  NZ  ',NX.  NY,  NZ; 

] 

] 

] 

"PRINT  *, 'RegionNumber  is  •,Voxel;" 
"PRINT  *,'End  of  RegionNumber  ';" 
END; 
%E 

11******************************************************* 
"SUBROUTINE  FOR  INITIALIZATION  OF  RANDOM  NUMBER  GENERATOR.... 

ll***************************************************5|C^^^^;jt^^5|,^j|C5(.:|,^^^^^ 

SUBROUTINE  RMARIN; 
COMIN/RANDOM/; 

IF((IXX.LE.0).OR.(IXX.GT.31328))  IXX=1802;  "SETS  MARSAGLIA  DEFAULT" 

"  BUG.  In  the  following  line  the  assignment  previous  to  90/09/18  " 
"  was  to  IXX.  This  DID  NOT  upset  the  randomness  of  the  sequence,  " 
"  just  the  initial  starting  point.  BLIF  90/09/1 8. 

IF((JXX.LE.0).OR.(JXX.GT.30081))  JXX=9373;  "SETS  MARSAGLIA  DEFAULT" 

I  =  MOD(IXX/177,177)  +  2; 
J  =  MOD(IXX,    177) +  2; 
K  =  MOD(JXX/169,178)+  1; 
L  =  MOD(JXX,    169)  ; 

DO  11=1, 97[ 
S=0.0;T=0.5; 
DO  JJ=1,24[ 

M=MOD(MOD(I*  J,  1 79)*K,1 79); 

I=J;J=K;K=M;L=MOD(53*L+l ,  1 69); 

IF(MOD(L*M,64).GE.32)  S=S+T; 

T=0.5*T; 

] 

URNDM(II)=S; 
] 
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CRNDM  =  362436./16777216.; 
CDRNDM=  7654321./16777216.; 
CMRNDM  =  16777213./16777216.; 

IXX  =  97; 
JXX  =  33; 

END; "  END  OF  SUBROUTINE  RMARIN" 
%E 


APPENDIX  L 

SELECTED  FIGURES  OF  ABSORBED  FRACTION  CALCULATIONS 
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Figure  122.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  51 -year-old  male  cadaver.  In  both  models,  the  trabecular  microstructure  was  defined 
by  the  NMR  image  of  either  of  two  physically  sectioned  bone  cubes.  In  this  figure,  and 
others  following,  coefficients  of  variation  on  the  absorbed  fraction  are  below  0.5%  and 
error  bars  are  thus  not  displayed. 
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Figure  123.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  51 -year-old  male  cadaver. 
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Figure  124.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  51 -year-old  male  cadaver. 
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Figure  125.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  126.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  127.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  128.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  82-year-old  female  cadaver. 
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Figure  129.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  82-year-old  female  cadaver. 
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Figure  130.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  82-year-old  female  cadaver. 
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Figure  131.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  82-year-old  female  cadaver. 
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Figure  132.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructurai  transport  model,  respectively,  for  the  femoral  head  of 
the  82-year-old  female  cadaver. 
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Figure  133.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  82-year-old  female  cadaver. 
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Figure  134.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  86-year-old  female  cadaver. 
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Figure  135.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  86-year-old  female  cadaver. 
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Figure  136.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  86-year-old  female  cadaver. 
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Figure  137.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  86-year-old  female  cadaver. 
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Figure  138.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  86-year-old  female  cadaver. 
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Figure  139.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  femoral  head  of 
the  86-year-old  female  cadaver. 
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Figure  140.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  141.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  142.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  143.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  144.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  51 -year-old  male  cadaver. 


380 


Figure  145.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  5 1  -year-old  male  cadaver. 
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Figure  146.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  82-year-old  female  cadaver. 
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Figure  147.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macro  structural  transport  model,  respectively,  for  the  humeral  head  of 
the  82-year-old  female  cadaver. 
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Figure  148.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  82-year-old  female  cadaver. 
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Figure  149.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  82-year-old  female  cadaver. 
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Figure  150.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  82-year-old  female  cadaver. 
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Figure  151.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  82-year-old  female  cadaver. 
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Figure  152.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  86-year-old  female  cadaver. 
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Figure  153.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  86-year-old  female  cadaver. 
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Figure  154.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  86-year-old  female  cadaver. 
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Figure  155.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  86-year-old  female  cadaver. 
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Figure  156.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macro  structural  transport  model,  respectively,  for  the  humeral  head  of 
the  86-year-old  female  cadaver. 
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Figure  157.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  and  the  macrostructural  transport  model,  respectively,  for  the  humeral  head  of 
the  86-year-old  female  cadaver. 
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Figure  158.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  5 1  -year-old  male  cadaver. 
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Figure  159.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  5 1  -year-old  male  cadaver. 
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Figure  160.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  5 1  -year-old  male  cadaver. 
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Figure  161.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  5 1  -year-old  male  cadaver. 
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Figure  162.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  5 1  -year-old  male  cadaver. 
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Figure  163.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  51 -year-old  male  cadaver. 
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Figure  164.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  82-year-old  female  cadaver. 


400 


Figure  165.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  82-year-old  female  cadaver. 
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Figure  166.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  82-year-old  female  cadaver. 
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Figure  167.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  82-year-old  female  cadaver. 
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Figure  168.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  82-year-old  female  cadaver. 
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Figure  169.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  far  the  femoral  and  humeral  heads  of  the  82-year-old  female  cadaver. 
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Figure  170.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  86-year-old  female  cadaver. 


406 


(t)(TBV^TBV) 
86-year-old  Female 
Infinite  Trabecular  Transport  Model 


O.OI  0.1  1  10 

Energy  (MeV) 


Figure  171.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  86-year-old  female  cadaver. 
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Figure  172.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  86-year-old  female  cadaver. 
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Figure  173.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  86-year-old  female  cadaver. 
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Figure  174.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  86-year-old  female  cadaver. 
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Figure  175.  Comparison  of  absorbed  fractions  calculated  using  the  infinite  trabecular 
transport  model  for  the  femoral  and  humeral  heads  of  the  86-year-old  female  cadaver. 


APPENDIX  M 

ADIPOCYTE  INTRODUCTION  ALGORITHM  AND  C-PROGRAM 

/*  This  program  adds  fat  into  an  image.  The  Cellularity  */ 
/*  controls  the  amount.  You  must  change  the  image  dimensions*/ 
/*  the  Cellularity,  the  input  file  name,  and  the  output  name  */ 
/*  The  function  Two  Voxel  puts  another  voxel  next  to  the  first*/ 
/*  one  that  was  put.  By  changing  the  if  statements  that  */ 
/*  include  aa,  one  changes  the  percentage  of  1  voxel,  2  voxel*/ 
/*  and  3  voxel  clumps.  */ 
/*  Phillip  W.  Patton  12/1/99  */ 

#include  <stdio.h> 
#include  <stdlib.h> 

#defme  HEIGHT  106 
#defme  WIDTH  221 
#define  DEPTH  131 
#define  CELLULARITY  10 
#define  SEED  0 
#define  FALSE  0 
#define  TRUE  1 

double  FatPercentage,  aa; 

int  FatNumber,  i,  j,  k,  BoneNumber,  Total,  TotalMarrow; 

unsigned  char  tmp[HEIGHT] [WIDTH] [DEPTH]; 
unsigned  char  RandomVoxel  (int  *i,  int  *j,  int  *k); 
void  AssignVoxel  (int  i,  int  j,  int  k); 
void  Two  Voxel  (int  i,  int  j,  int  k); 
void  WriteVoxel  (); 

FILE  *inp; 
FILE  *otp; 


main  () 
{ 
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int  Ix,  ly,  Iz; 

unsigned  char  VoxelValue; 
sranc[48(SEED); 

FatNumber=0,  FatPercentage=0,  Total=0,  Total Marrow=0; 
BoneNumber=0; 

/*  Reads  in  the  file  and  assign  it  to  tmp*/ 

inp  =  fopen("M400_05.gray","r"); 
if(inp==NULL) 

printf("error  opening  file\n"); 
else  { 

for  (k-0;  k<DEPTH;  k++)  { 
forG=0;j<WIDTH;j++)  { 
for  (i=0;  KHEIGHT;  i++)  { 
if(!fread(&tmp[i][j][k],l,l,inp)) 

printf("error  reading\n"); 
else  { 
if(tmp[i][)][k]==  0) 
BoneNumber  =  BoneNumber  +  1 ; 
else  { 

TotalMarrow  =  TotalMarrow  +  1 ; 

} 

Total  =  Total  +  1; 

} 

} 

} 

} 

} 

/*  Starts  assigning  fat  voxels  */ 

while  (FatPercentage  <  (100  -  CELLULARITY))  { 
VoxelValue  =  RandomVoxel(&Ix,  &Iy,  &Iz); 
if  (VoxelValue  ==  255)  { 

Assign Voxel(Ix,  ly,  Iz); 

aa  =  drand48(); 

/*  Adds  another  voxel  if  aa  is  less  than  a  certain  value  */ 
if(aa<=1.0){ 
TwoVoxel(Ix,  ly,  Iz); 

/*  Adds  another  voxel  if  aa  is  less  than  a  certain  value  */ 
if(aa<=  1.0)  { 
TwoVoxel(Ix,  ly,  Iz); 

} 

} 

} 
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} 

fclose(inp); 
WriteVoxelQ; 

} 


unsigned  char  RandomVoxel  (int  *i,  int  *j,  int  *k) 

{ 

double  a,  b,  c; 

a  =  drand48(); 

b  =  drand48(); 

c  =  drand48(); 

*i  =  (int)(a*HEIGHT); 

*j  =  (int)(b*WIDTH); 

*k  =  (int)(c*DEPTH); 

retum(tmp[*i][*j][*k]); 

} 

void  AssignVoxel  (int  i,  int  j,  int  k) 
{ 

tmp[i]|j][k]  =  122; 
FatNumber  =  FatNumber  +  1 ; 

FatPercentage  =  ((double)FatNumber  /  TotalMarrow)*100; 

} 

void  Two  Voxel  (int  i,  int  j,  int  k) 

{ 

int  CubeFace,  Newl,  NewJ,  NewK,  NewVoxelFound,  Trial; 
Trial  =  0; 

NewVoxelFound  =  FALSE; 

while  (NewVoxelFound  ==  FALSE)  { 

Newl  =  i; 

NewJ  =  j; 

NewK  =  k; 

CubeFace  =  (int)(5*drand48()); 
if  (CubeFace  —  0) 

Newl  =  i+1; 
else  { 
if  (CubeFace  ==  1) 

Newl  =  i-1; 
else  { 
if  (CubeFace  ==  2) 

NewJ  =j+l; 
else  { 
if  (CubeFace  ==  3) 
NewJ  =  j-1; 
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else  { 
if  (CubeFace  ==  4) 

NewK  =  k+l; 
else  { 

NewK  =  k-l; 

} 

} 

} 

} 

} 

Trial  =  Trial  +  1 ; 
if  (Trial  >  100)  { 
NewVoxelFound  =  TRUE; 

} 

else  { 

if((Newl>=0)&&(NewI<  HEIGHT))  { 
if  ((NewJ  >=  0)       (NewJ  <  WIDTH))  { 
if  ((NewK  >=  0)  &&  (NewK  <  DEPTH))  { 
if  (tmp[NewI][NewJ][NewK]      255)  { 
tmp[NewI]  [NewJ]  [NewK]  =  122; 
NewVoxelFound  =  TRUE; 
FatNumber  =  FatNumber  +  1 ; 

FatPercentage  =  ((double)FatNumber/TotalMarrow)*100; 

} 

} 

} 

} 

} 

} 

} 

void  Write  Voxel  () 
{ 

otp  =  fopen("M400_05.10.gray","w"); 
if(otp  ==  NULL) 

printf("error  opening  output  file\n"); 
else  { 

for  (k=0;  k<DEPTH;  k++)  { 
for(j=0;j<WIDTH;j++)  { 
for  (i=0;  i<HEIGHT;  i++)  { 
fwrite(«&tmp[i][j][k],l,l,otp); 
} 

} 

} 

fclose(otp); 

} 

} 
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